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L FOREWORD -9  

The Department of Energy s u p p o r t s  research i n  the geosciences i n  order t o  
provide a sound foundation of fundamental knowledge i n  those areas t h a t  are 
germane t o  the  Department of Energy ' s  many m i s s i o n s .  The D i v i s i o n  of 
Engineering, Mathematical and Geosc iences  *- p a r t  of the  Office of Basic 
Energy S c i e n c e s  which is under the  Director of Energy Research &- supports  
the Geosciences Research Program. The p a r t i c i p a n t s  i n  t h i s  program i n c l u d e  
D e p a r t m e n t  of Energy laboratories,  i n d u s t r y ,  u n i v e r s i t i e s ,  and  o the r  
governmental agencies.  Their suppor t ,  formalized by a con t r ac t  between t h e  
Department of Energy and  t h e  o r g a n i z a t i o n  per formlng  the  work,  provides  
f u n d s  for  sa la r ies ,  equipment  a n d  o t h e r  m a t e r i a l s ,  a n d  a n  o v e r h e a d  
allowance. 

The summaries i n  t h i s  document, prepared by t h e  i n v e s t i g a t o r s ,  describe t h e  
s c o p e  of t he  i n d i v i d u a l  programs and de t a i l  the  research performed during 
1984-1985. The Geosciences Research Program inc ludes  research i n  geology,  
p e t r o l o g y ,  geophysics, geochemistry, hydrology, solar-terrestrial r e l a t ion -  
sh ips ,  aeronomy, seismology, and n a t u r a l  resource a n a l y s i s ,  i n c l u d i n g  t h e i r  
v a r i o u s  s u b d i v i s i o n s  and i n t e r d i s c i p l i n a r y  areas. A l l  such research is 
related either d i r e c t l y  or i n d i r e c t l y  t o  the Department of E n e r g y ' s  tech- 
nologica l  needs. 
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. .  

. c +  L INTRODUCTION TO THE GEOSCIENCES RESEARCH PROGRAM 
OF THE OFFICE OF BASIC ENERGY SCIENCES 

The Geosciences Research Prpgra 
Office of Energy Research, wi th in  the 
Division of Engineering, Mathematical, 
by t h i s  program may be directed towar 
tional security, conservation of the 
of the Department of Energy. The pincpose of t h i s  program is t o  de 
geoscience or geosciences-related i n f  
these Department of Energy objectives 
standing of geoscientific materiags a 
long-term Department of Energy goals. 
efforts supported by t h i s  program may 
objectives. 

The Geosciences Researc 

In  general, individual'r 

o Geology, geophysics , 
o Geochemistry 
o Energy resource reco 
o Hydrologic and marine sciences 
o Solar- terr  es t r  i al-atmospher i c inter act ions. 

The following content outline of these categories is intended t o  be ilk 
lustrative rather than exhaustive, and w i l l  evolve wi th  time. Individual 
research efforts a t  t h e  Department of Energy,.university, college, cor- 
porate, not-for-prof it, and other Federal agency laboratories supported by 
t h i s  program frequently have components i n  more than one of the  categories 
or subcategories l isted.  

1.  Geology, Geophysics, and Earth Dynamics 

A. 

B. 

C. 

D. 

. .  
Large-Scale Ear th  Movements. 
aspects of large-scale plate moJion, mountain bui ld ing ,  and regional 
scale u p l i f t  or subsidence. 

Evolution of Geologic Structures. 
and development of geologic structures (e.g., folds, faul ts ,  
landslides, and volcanoes) on a local or subregional scale. 

Properties of E a r t h  Materials. Research on physical properties of 
rocks and minerals determined i n  the laboratory or in . the f ie ld  ( i n  
s i t u )  by direct or indirect techniques. 

Rock Flow, Fracture, or Failure. Research~related t o  response of 
minerals, rocks, and rock u n i t s  t o  natural.or a r t i f i c i a l ly  induced 
s t ress ,  including the s t ra in  rates that range from those appropriate 

Research related t o  the physical 

Research bearing 'on the history 

to  d r i l l i n g  t o  viscoelastic response. . 

* -  
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2. Geochemistry 

A. 

B. 

C. 

D. 

1 

Thermochemical P rope r t i e s  of Geologic Materials. 
t o  thermodynamic and t r anspor t  p rope r t i e s  of na tu ra l '  geologic 
materials and their s y n t h e t i c  analogues. 
rather than site-specific s t u d i e s .  

S t a t i c  Roc k*Water In t e rac t ions .  Laboratory-based research on chemi- 
cal ,  mineralogical ,  and t e x t u r a l  consequences of i n t e r a c t i o n  of 
n a t u r a l  aqueous f l u i d s ,  or t h e i r  s y n t h e t i c  'analogues,, wi th  rocks and 
minerals.  

Research related 

Emphasis is on gener ic  

Organic Geochemistry. Research on n a t u r a l l y  occurr ing  carbonaceous 
and b io log ica l ly  der ived substances of geologic  importance, includ- 
ing  research on the  o r i g i n  and development of coal, petroleum and 
gas. 

Geochemical Migration. 
of the ear th 's  c r u s t ,  emphasizing a gener ic  rather than specific 
understanding, which may (u l t ima te ly )  lead t o  p red ic t ive  capab i l i t y .  
These experimental  and theoretical s tud ie s  focus on chemical 
t r a n s p o r t  induced by pressure, temperature,  and composition 
g rad ien t s  within,  between, and by a phase or phases. This  component 
is p a r t  of a multiagency (Department of Energy, Nat ional  Science 
Foundation, U. S. Geological Survey) j o i n t  program. 

Research on chemical migrat ion i n  materials 

3. Energy Resource Recognition, Evaluat ion,  and U t i l i z a t i o n  

A. 

B. 

C. 

D. 

E. 

Resource Def in i t ion  and U t i l i z a t i o n .  The p r inc ipa l  goal of t h i s  
research is t o  develop new and advanced techniques t h a t  are physi-  
cal ly ,  chemically, and mathematically based, for energy and energy' 
related resource explora t ion ,  d e f i n i t i o n ,  and use. 

Reservoir Dynamics and Modeling. Research related t o  dynamic model- 
ing of geothermal and hydrocarbon r e s e r v o i r s  i n  t he i r  n a t u r a l  and 
perturbed (by production, i n j e c t i o n ,  o r  r e i n j e c t i o n )  states. 

Magma Energy Resources. F i e l d ,  l abora tory ,  experimental ,  and 
theoretical research bearing on the  o r i g i n ,  migrat ion,  emplacement, 
and c r y s t a l l i z a t i o n  of n a t u r a l  s i l i ca te  l i q u i d s  or their  s y n t h e t i c  
analogues. These s t u d i e s  emphasize the e x t r a c t i o n  of energy Prom 
such l i q u i d s .  

Information Compilation, Evaluation, and Dissemination. These 
research a c t i v i t i e s  are p r i n c i p a l l y  o r i en ted  toward eva lua t ing  
e x i s t i n g  g e o s c i e n t i f i c  data t o  i d e n t i f y  s i g n i f i c a n t  gaps, inc luding  
the necessary compilation and dissemination a c t i v i t i e s .  

Cont inental  S c i e n t i f i c  D r i l l i n g  Program (CSDP). Research on ad- 
vanced technology and s e r v i c e s  as w e l l  as s c i e n t i f i c a l l y  motivated 
p r o j e c t s  concerned wi th  u t i l i z i n g  shallow (0.3 km),  in te rmedia te  
(0.3 t o  1 km),  and deep ( >  1 k m )  d r i l l  holes  i n  the United States 
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con t inen ta l  c r u s t  t o  (a)  ob ta in  samples f o r  detailed phys ica l ,  
chemical, mineralogical ,  pe t ro logic  , and hydrologic  cha rac t e r i za t ion  
and i n t e r p r e t a t i o n ;  ( b )  correlate geophysical data w i t h  laboratory-  
determined properties; and (c) use the d r i l l  hole as an experimental  
f a c i l i t y  f o r  s tudying c r u s t a l  materials and processes. 
Department of Energy focuses on d r i l l i n g  through an a c t i v e  
hydrothermal system (or  systems)  i n t o  a magma chamber or i n t o  high- 
temperature igneous rocks. Research includes aspects of d r i l l i n g  
technology development for such hos t i le  environments. Part of a 
multiagency (U. S. Geological Survey, Nat ional  Science Foundation, 
and Department of Energy) coordinated program under the  aegi-s of an 
Intergency Accord on Continental  S c i e n t i f i c  Dr i l l i ng .  

f r  

The 

4. Hydrologic and Marine Sciences 

A. Ground Water Hydrology. Research related to chemical and physical  
p r i n c i p l e s  underlying the  flow of water through porous and permeable 
rocks nea r  the ear th 's  sur face .  

B. Fresh Water Systems. Research on the  chemistry, physics ,  and 
dynamics of fresh water systems, including streams, r i v e r s ,  and 
lakes .  

C. Oceanography. Research involving materials and processes of the 
marine environment. P r inc ipa l  emphasis is on geological ,  geophysi- 
cal ,  and geochemical research related t o  rocks and sediments beneath 
t h e  water column. 

5 .  Solar -Ter r es t r i al-A tmos pher i c I n t e r a c t  ions 

A. Magnetospheric Physics.  Research directed toward developing a 
fundamental understanding of the i n t e r a c t i o n s  of the s o l a r  wind w i t h  
the terrestrial magnetic f i e l d .  
magnetosphere as a model magnetohydrodynamic generator  and as- 
sociated plasma physics research. 

Research related t o  t h e  earth's 

B. Upper Atmosphere Chemistry and Physics. Research on thermal, com- 
p o s i t i o n a l ,  and e l e c t r i c a l  phenomena i n  t h e  upper atmosphere, and 
the effects induced by solar radiation. 

C .  Solar Radiation. Research on the s o l a r  cons tan t ,  spectral d i s t r i b u -  
t i o n ,  and characteristics of solar r a d i a t i o n  of the e a r t h ,  including 
the  long-term effects of s o l a r  r a d i a t i o n  on the  climate. 

D. I n t e r r e l a t i o n s h i p s  of weather and 
c l ima te  w i t h  energy systems. 
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Contractor: 

Contract: 

ARGONNE NATIONAL LABORATORY 
Argonne, Illinois 60439 

109 ENG 38 

Category : Geochemistry 

Person in Charge: F. A. Cafasso 

Scope of Work 

Geoschemistry research at Argonne National Laboratory is focused on 
research in the areas of geochemical migration and mineral thermochemistry, 
In the migration area, chemical and isotopic studies of hydrothermally 
altered materials are being done as part of an effort to describe the trace 
element redistribution processes in active hydrothermal systems while 
thermodynamic studies of actinide complex formation reactions with 

P 

inorganic constituents (e.g., C03 , SO4=) in groundwater are being pursued 
to develop a better understanding of the chemistry underlying actinide 
element transport. The thermochemistry part of the program is largely 
focused on measuring, by a variety of calorimetric methods, the ther- 
modynamic properties of zeolites and related materials. The intent is to 
develop thermodynamic-structure correlations of these materials and to use 
the data to explain mineral equilibria. 

A. Trace Element Migration in the Earth's Crust (N. Sturchio, M. Seitz, 
S. Boggs, D. Livermore, and C. Johnson) 

The objective of this program is to achieve a deeper understanding of 
the geochemistry of trace element migration in the Earth's crust. We 
are particularly concerned with the redistribution of trace elements 
under hydrothermal conditions, and are directing our efforts toward 
studies of the active hydrothermal systems associated with the 
Yellowstone, Valles, and Long Valley calderas. This work has relevance 
to the exploration for and utilization of geothermal and nuclear energy 
and hydrothermal ore deposits. 

Our approach involves chemical and isotopic analysis of rock, mineral, 
water, and gas samples from drill holes and surfacial manifestations in 
these systems. These analytical data are coupled with other available 
data to interpret various aspects of the geochemical evolution of the 
systems. A general understanding of the evolution of each individual 
system is required before optimal interpretations of trace element 
migration can be made. Therefore, some of our work is directed toward 
basic problems such as the time scale of hydrothermal activity and the 
nature of previous conditions in each system. In this context, we are 
exploring the application of U-series disequilibrium in geochronologic 
and tracer studies. Oxygen, hydrogen, carbon, and sulfur isotopes are 
useful in establishing previous conditions of temperature and 
waterhock ratios. 



d 1  a *Several detailed studies of hydrothermally-altered rhyolite from 
Yellowstone drill cores YC7 and Y*8  have been completed. These in- 
cluded ( 1 )  a study of the redistribution of major, minor, and trace 
elements; (2) a study of oxygen isatope-ratios; and (3) a study of U- 
series disequilibrium. We found extensive mobility of the alkalis, 
alkaline earths, Mn, Sb, and U in the,altered rhyolite. The patterns 
of element redistribution correlate closely with the hydrothermal 
mineralogy and extent of alteration. The effective water/rock ratio 
has been at least 10,000, and may have been much larger. Oxygen 
isotope exchange between thermal water and primary or secondary 
minerals has not reached equilibrium except for calcite. Oxygen 
isotope ratios in obsidiancreplacing smectite and veinlet celadonite 
and silica indicate that these phases precipitated from thermal water 
enriched in '*O relative to present thermal water. Ubseries d i s k  
equilibrium is extreme, and is consistent with a major redistribution 
of U about 13,000 0 27,000 years ago. Along with other observations on 
hydrothermal self+sealing and the timing of the Pinedale glaciation, 
the Uaseries data suggest a hydrogeologic connection between the 
Pinedale deglaciation and the initiation of thermal activity in Biscuit 
Bas in. 

Two more regional Yellowstone projects have been initiated: (1) a UL 
series geochronologic study of hydrothermal activity in the Park (in 
collaboration with members of I the U. S. Geological Survey, Menlo Park), 
and (2) a study of oxygen and carbon isotope ratios of hydrothermal 
precipitates in additional drill cores (in collaboration with Prof. K. 
Muehlenbachs, University of Alberta). 

Also under investigation is the history of hydrothermal activity at the 
Valles and Long Valley calderas .through ULseries geochronology of 
hydrothermal precipitates. We have begun a study of U in thermal 
waters of the Baca geothermal system. Ye are analyzing thermal water 
and gas samples from the Nevado del Ruiz'volcano in Columbia following 
the November 13, 1985 eruption in an attempt to determine the relations 
between volcanic and hydrothermal processqs. 

A second element of the program has involved laboratory experiments on 
the effects of dissolved organic subptances on the migration of ac* 
tinides in basalt4groundwater systems. In this connection, batch 
partitioning experiments were performed in which humic and fulvlc acids 
were added in various amounts ranging frbm lk10 mg/L to acthiderspiked 
groundwaters. We found that sorption of 24lpAm on basalt is reduced 
strongly by the addition of humic and fulpic acids, but sorption of 

' 237fiNp is reduced only slightly. A study of the average distribution 
ratios obtained for 241eAm in batch partitioning experiments using 
groundwaters containing natural concentrations of indigenous dissolved 
organic substances showed that the distribution ratios are positively 
correlated with dissolved organic carbon, as well as Ca and Mg. This 
suggests a possible inhibiting effect on acthideborganic complexation 
due to the concentrations of Ca and Mg. No further work in organo- 
actinide geochemistry is planned. 
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B. Migration of Heavy Element Chemical Species in Geologic Media C A 3  * J  

Friedman, F. Schreiner, and W. Ullman) 

This activity is concerned with the measurement of the thermodynamic 
properties of aqueous actinide complexation reactions that may be 
important in describing the groundwater migration of actinides. 

Our thermodynamic studies have involved titration microcalorimetric 
measurements of complexing reactions of uranyl, neptunyl and plutonyl 
ions with sulfate and carbonate. Earlier work on the uranyl and nepY 
tunyl systems has been followed by measurements of the reactions 
leading to the formation of sulfate and carbonate complexes of the 
dioxo plutonyl (VI) ion, Pu02 +2 . 

0 Standard state enthalpies for the formation of pUo2(so4) , 
Puo~(SO~),'~, P U O ~ ( C O ~ ) ~ + ~ ,  and p4 were derived from the 
calorimetric enthalpies obtained at ionic strengths in the 0.5 to 0.9 
mol/!t range by application of a computer code developed at the U.S. 
Geological Survey. The code, desfgnated as PHREEQE, makes use of a 
modified DebyeWHuckel and Davies expressions to convert concentration 
data at the experimental ionic strengths to ionic activities. 

With the acquisition of the data on the plutonium systems a complete 
set of enthalpies for the formation of sulfate and carbonate complexes 
of the dioxo ions of hexavalent actinides has been determined. For the 
majority of the species these data include the first direct 
calorimetric enthalpy determinations, complementing equilibrium con- 
stant measurements yielding Gibbs energies for the same complexes. 

The aggregate data indicate that in most natural waters sulfate complex 
formation should not be of major importance. Equilibrium constants for 
the formation of the 1:l dioxo actinide ion + sulfate complexes vary 
from 1584 to 2818 in the series U02 +2 , Mp02 +2 , PUO~'~. While 
calorimetric data show that complexes with more than one sulfate group 
exist, they are much less stable than the 1:l complexes. The standard 
state enthalpy value for the uranyl monosulfato complex is AHo = +19.6O - + 0.6 kJ/mol. The corresponding values for the neptunyl and plutonyl 
complexes are smaller by 2.9 kJ/mol and 3.5 kJ/mol, respectively. 

In contrast to the sulfate complexes, the carbonate complexes are 
notable for their rather high stabilities. All three dioxo actinide 
ions form wellcdefined carbonato ions with carbonate to actinide 
ratios of 2:l and 3:l. Equilibrium constants for the 2:l complexes are 
of the order of 10 +15; those for the 3:l complexes are even higher, 

+22 viz. - 10 . 
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The sarbonato  complexes form according t o  equation 1 
0' 

Ac02 +2 + jC0342 An(CO3Ij 2(1*5) (1 )  

where j may assume the values  2 or 3. The s tandard state en tha lp i e s  of 
r e a c t i o n  for the var ious  values  of j have large negat ive values.  From 
t he  calorimetric data an average en tha lpy  decrease of AHo = y 14.0 + 
0.5 k J / m o l  is c a l c u l a t e d  for the attachment of one carbonate group 1; 
r e a c t i o n  1. This enthalpy which is s t rong ly  negat ive compared t o  t h a t  
of sulfate  reflects t h e  f a c t  t h a t  a s u b s t a n t i a l l y  higher energy is 
involved i n  the bonding of a carbonate group t o  t h e  a c t i n i d e  c e n t r a l  
atom. The s t a b i l i t y  of the aqueous carbonate complexes results i n  t h e  
hexavalent a c t i n i d e s  remaining i n  s o l u t i o n  a t  pH values  above 8. T h i s  
behavior may be s i g n i f i c a n t  because both neptunium and plutonium can be 
oxidized under the  inf luence of r a d i a t i o n  to  t h e  hexavalent s t a t e .  A s  
a consequence, it is l i k e l y  tha t  both elements would remain i n  s o l u t i o n  
i n  carbonate"r1ch waters. 

------------ Thermochemistrx --- of  Geothermal Materials (P. A. G. O'Hare, G. K. 
Johnson, I. R. Tasker, D. .A. Howell, and W. S. Wise) 

The o b j e c t i v e  of t h i s  program is to  measure precisely, by calorimetry, 
thermodynamic p r o p e r t i e s  of z e o l i t e s ,  s i l icates ,  and s t r u c t u r a l l y c  
r e l a t e d  compounds .  Mater ia l s  selected for  s t u d y  are o f t e n  k e y  
components of geologic ensembles ,  t h e y  may have  a c t u a l  or p o t e n t i a l  
t e c h n o l o g i c a l  v a l u e ,  or t h e y  may be of basic s c i e n t i f i c  i n t e r e s t  i n  
terms of s t r u c t u r e  or chemical bonding, Calorimetric t e c h n i q u e s  used  
are as fol lows:  s o l u t i o n  calorimetry i n  aqueous  HF or combustion 
calorimetry i n  F2 or O2 for t he  d e t e r m l n a t i o n  of s t a n d a r d  molar en4  
t h a l p i e s  of format i o n ,  bfH;; low-temperature calorimetry (5 t o  350 K )  
for the determinat ion of molar heat c a p a c i t i e s ,  C;,,, and t h e  d e r i v e d  
s t a n d a r d  molar entropy, S o *  drop ca lor imet ry  (T 2 350K) for the deter+ 

mination of enthalpy increments, IH;(T)-H;(298.15 K)), and t h e  d e r i v e d  
(T) ;  and d i f f e r e n t i a l  scanning calorimetry for the  determinat ion of 
and temperatures and en tha lp i e s  of t r a n s i t i o n  of decompos i t ion .  

5 t o  1500 K or the upper 

C. 

m' 

5 ,m 
,m 

Measurements cover the tern 
temperature l i m i t  of s t a b i l i t y .  

I n  t he  p a s t  year , mordenite ~ N a 0 ~ 3 6 1 C a 0 ~ 2 8 9 ~ ~ 0 . 9 4 ~ ~ ~ 5 ~ ~ ~ ~ o ~  -3. 468H20) 
and the corresponding 'anhydride have been s tud ied  e x t e n s i v e l y  and t h e  
fcillowing prel iminary thermodynamic values  have been obtained. : 

ature range f 

AH; ( T) C o ( T )  . So(T)-So(0) AG;(T 1 
-1 kJ-mol -1 k J *mol-' J-K" -mol-' J - K  *mol 

Mordeni t e  -( 6756.2k4.5) (484.33k0.97) (486.54k0.97) (~6247.6i4.5) 
Dehydrated Mordenite -(5661.8i4.6) (295.76k0.59) (299.10k0.60) (-5338.6k4.6) 
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Studies of s i l i ca l i te  ( S l o p )  have been concluded with the determinatdoQ 
of the high temperature enthalpy increments: 

IH;(T)*H;(298.15 K)l/(J*moldl 1 - 592881 (T/K)" &15773.2 

.I 

+ 38.7780 (T/K) + 2.7288142 X loF2 (T/KI2 A 7.6509874 X (T/KI3. 

For (Gal .01 g N a O .  1 36K0..006A12. 1 8OSi6.820 O 18- 733H*0) 
'the following values have been obtained at T = 298.15 K: AfH;(T) - 
= (805.54*1.61) J*KC1 -mol"; and AfG;(T) - 4101 43.Oi6.6) kJ-mol*'. 

Three compositions of faujasite w i t h  different  AlbtoPSi rat ios  have 
been synthesized and their thermodynamic properties are being measured. 

-(11034.6*6.6) kJ-molyl; Co (TI = (808.73k1.62) J*KIL1 -mol '1 ;S;(T)&S;(O) 
P r m  

I "  . .  -. 



rc Contractor : LAWRENCE BERKELEY LABORATORY 
University of California 
Berkeley, California 94720 

Contract: DEbAC03'76SF00098 

Category : Geology, Geophysics, and Earth Dynamics 

Person in Charge: T. V. McEvilly 

A. Deep Electromagnetic Sounding of the Crust (H. F. Morrison 
Coldstein 1 

N. E. 

The electrical resistivity of the shallow crust is related mainly to 
the degree of connected pores and fractures, the degree of saturation 
and the salinity of pore fluids, as well as past and present-day ther- 
mal effects which increase conductivities due to increased fracturing, 
hydrothermal alteration and elevated temperatures. Less is known about 
in situ conductivities of rocks in the lower crust (depths of 10 km or 
more) except from laboratory experiments and from deep sounding data. 
Deep zones of anomalously high conductivities have been reported in a 
number of areas, and there has been considerable speculation on posh 
sible cause(s). Although it was initially believed that some of the 
conductors might be extensive regions of partial melt, recent informa- 
tion suggests that brine-filled and/or graphite-lined microfractures 
are also likely causes of deep crustal anomalies. 

The objectives of our investigations are to develop and apply advanced 
techniques for carrying out deep electromagnetic soundings, to develop 
better numerical methods for data processing and interpretation, and to 
develop better conceptual models for deep crustal anomalies. 

During field surveys conducted in 1984 and 1985 we acquired a 3 Gbyte 
data base of simultaneous natural magnetic and electric fields together 
with biasial tilt signals. These data were collected at stations on 
two orthogonal arrays in eastern California-western Nevada, with sta- 
tion separations ranging from 100 m to 120 km. The purpose of this 
work is to develop better noise cancellation techniques for rnagnetotelc 
luric and controlled*source soundings. We have developed a linear 
fitting, least-squares method which accurately predicts 40 to 70 dB of 
the natural magnetic field at any station from data at one or more 
other stations. This approach is valuable for cancelling natural 
geomagnetic noise during a controlled-source sounding. 

Numerical processing techniques employ1 both standard FFT's in the 
frequency domain and by convolution in the time domain are also under 
development. 

B. Fast ASP Development (E. Majer and T. 

The problem of in-field processing of has been addressed 
in many different aspects. Depending upon the type of data sought, 
various amounts of computing power have been transported to the field. 



In 1977, as part of the Department of Energy’s geothermal program,, 
Lawrence. Berkeley Laboratory began an effort to design and build an 
Automated Seismic Processor ‘(ASP) that would detect and process data 
from microearthquake arrays. At that time it was not uncommon to use 
an 8- to 12-element microearthquake array to record 20 to 30 events per 
day. To provide faster answers to basic earthquake monitoring 
problems, the ASP was designed as a low-power (-1 watt/channel), port- 
able, in-field processing system. The ASP was built and designed using 
CMOS technology based upon the RCA 1802 microprocessor. Each seismic 
input channel is controlled by an 1802. These individual channel 
devices, or WORKERS, are responsible for making a detection on a single 
channel of data, picking the P- S-wave performing FFTs on the windowed 
P- Skwaves, and determining the quality of the data. Once detected by 
each of the individual WORKERS, the information is sent to a central 
microprocessor (LSI 1 1  /23) that performs the event association and 
determines if it is a valid event, i.e., not a noise spike or other 
noise. If the event is valid, then the 11/23 is programmed to perform 
a number of higheralevel processing sequences, i.e., to determine event 
location, source properties, bwalues, etc. 

The ASP conciept has served us well, but with the increased availability 
of offkhe-shelf board sets and the dramatic improvement in CPU and 
memory since 1977, we felt that a new improved version of the ASP was 
necessary. We wanted the new version not only to be faster (e.g., a 
sample rate of 500 sam/s at 16 bits rather than 100 sam/s at 12 bits 
for very detailed microearthquake studies) but to include many features 
that cannot be attained with CMOS technology (e.g., it is relatively 
expensive with CMOS technology to devote a CPU or microcomputer to each 
channel of data). Therefore, in the Fall of 1984 we began designing 
and building a prototype Fast ASP system. The system i s  designed to 
carry out all of the functions of the ASP, in addition, the Fast ASP 
will have the capability to store the time series data f o r  each event 
(8OLmbyte disk drives; tape drive for backup). 

The system is designed around the Motorola 68000 series CPU and a 
VME/VMX bus. We are currently using 680109, but we plan to use 68020s 
as soon as they are available in board sets with sufficient memory. 
The first stage of the project is to build a 24^channel, fully operap 
tional system. The target parameters for  this first+stage system are 
as follows: 

1. 24 channels, 500 samples/s/channel. 
2. 12 bit A/D. 
3. Storage capacity for up to 100 events (i.e., full waveform data 

plus processed data). 
4. Capability of performing all present ASP processing plus the 

capability to designate a P or an S channel ( f o r  three’ 
component data). 

5. Streaming a disk at high data rates for  AE data. The data 
would be read back at slower rates for full processing. 

6. Enhanced processing for array studies (i.e., F-K analysis, beam 
forming) . 

7. Ethernet connection for? networking to other systems. 

. 
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c r  9 at. the present time we have built and or a wired all hardware to meet 
the above objectives. The only exception being. the integration 'of an 
array processor into the system to obtain the necessary speed. The 
event detection, preprocessing, and FFT's 8 will be done in the workers 
with the software written in C and assembly. The higher level processY 
ing (location, moment tensor, bkvalues, etc.) will remain in Fortran. 
The overall system is controlled with.a UNIX 4.2 (UNIX Is a tradename 
of Bell Labs Inc.) CPU. 18 allOW3 for I10 flexibility and interfacr 
ing with other systems. 

Upon completion of the prototype system (summer 1986), it 
tested, 
operational bugs that could have been foun 
Upon successful debugging , the 24whannel 
channels by adding additional CPUs and analog+to*digital (A/D) 
ers. 
for full digital capability. , 

Center of Computational Seismology (T. V. McEvilly 

The purpose of The Center for Comput 
provide a facility with a wide range of computat 018 to serve 
DOE programs In the basic energy sciences and other areas of energy 
research. Research over the entire 8 rum of sefsmology is carried 
out at CCS, from basic studies in earth e 3OUTCe meohanisms to the 
applied work of reflection seismology. The corner stones of CCS are 
the solid theoretical base provided by the involvement with the depart& 
ment of Geology & Geophysics 
Berkeley, and the hardware and so 
lab such as LBL. 

year , hav 1 solid base of 
sofiware and addressed our data base problems, CCS has evolved into a 
useful and flexible research tool, CCS now has its  own dedicated DEC 
VAX 1 1  / 780  (VMS), in addition to signific ray X r M P  access.provided 
by DOE'S office of Basic Energy Saienoes. software base is made UP 
of. some three years of our gwn efforts in coding. internal'analysis 
routines in addition to the processing tools of DISCO (Dfgicon Inc., 
INGRES, (Relational technology) and the Geoquest Ino. AIMS package. We 
now have the ability to address research topics that we were previously 
not capable of embarking on. 'For example, ire have been putting 
together a solid program in fracture detection using seismologioal 
methods. The thrust is to integrate theoretical studies in wave 
propagation with the already exist 
seismology and vertical seismic pr 
work, we are a180 supporting the data p of CALCUST, a 

. consortium of several California univer 
tion techniques to address the struo 
Overall, CCS has grown into a mature 
range of research topics. Followin 
search projects during the last year 

' 

During our first field test with the ASP, we discovered many 
lY through actual use. 
m will be expanded to 96 

Plans also call for interfacing the system with digital telemetry 

C. 

Engineering Geosc 

' 
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CALCRUST, California Consortium for Crustal Reflection Studiis.‘ . J  

Use of Shear wave Vertical Seismic Profiling for Fracture 
Detection. 
Vertical Seismic Profiling at The Salton Sea Scientific Drilling 
Site. 
The Application of Tomographic Inversion Techniques to Seismic 
Data. 
The Application of Vertical Seismic Profiling/Tomographic 
Techniques for The Delineation of Geothermal Reservoirs. 
The Development of Seismic Techniques for the Real Time 
Monitoring of Grout Injections. 
The use of High Frequency Seismic Monitoring for Mapping 
Hydrofractures. 
Crustal Velocity and Attenuation Modeling Across the San Adreas 
Fault Zone in Central California 
Synthetic Modeling of Global Digital Seismic Network Data 
Lateral Variations in Mantle P-Wave Velocity from Tectonically 
Regionalized Tau Estimates 
Tectonically Regionalized source and Receiver Tau Perturbations 
for estimation of P-Wave Travel Time Corrections. 
Velocity Inversion of Near-Field Acceleration Data 
Aftershocks from Nuclear Explosions as Possible Indicators of 
Fault Movement 
Data Base Studies with the Center for Seismic Studies 
Extrema1 Inversion of Static Earth Displacements Due to Volume 
Sources. 

D. Test of an MHD Source for Crustal Electromagnetic Sounding (N. E. 
Coldstein and H. F. Morrison) 

An engineering test of a horizontal loop electromagnetic sounding 
system using a magnetohydrodynamic (MHD) generator will be conducted in 
conjunction with field tests of the generator at a site in southern 
California. Crustal conductivity mapping will be greatly facilitated 
if compact and transportable electromagnetic loop sources are developed 
with moments >lo9 Ampam*. The Russians have reported considerable 
success with such a system using MHD generators of up to 60 MW with 
pulse durations of up to 10 seconds. 

A 5.0 MW prototype MHD generator has been built by STD Corporation of 
Monrovia, California. The unit is trailer mounted and can deliver 
multiple pulses of 10,000 Amp into a 0.06 ohm loop for 3 to 5 seconds. 
Further tests are planned in August”September 1986, using this source 
to drive an EM loop transmitter. With a square loop of 250 m on a side 
the moment will be - 6 ~ 1 0 ”  A m 2 ,  more than enough for sounding to 5 to 7 
km. Several soundings will be made using this source, SQUID mag’ 
netometers, a remote reference cancellation scheme, and accurate 
current monitoring. This experiment will yield a conductivity profile 
of an interesting geological area within 10 km of the San Andreas Fault 
and in the area of planned Cajon Pass hole. It will further enable us 
to access the practical limitations of this, and more powerful MHD 
generators, for future routine crustal surveys. 
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E. Effect of Fracture Characteristics upon Acoustic Wave Propagation in 
Boreholes (M. S. King) 

Fluid flow in rock is governed by the product of a single rock 
parameter, permeability, and the hydrological potential gradient exist* 
ing in the rock mass. The determination of permeability is critical to 
any endeavor for which a knowledge of fluid flow is required. Such 
fields of interest lie in geothermal energy extraction, oil and gas 
recovery, deep crustal studies, energy storage in aquifers, and the 
storage of hazardous wastes. In rocks of low porosity, including many 
igneous, metamorphic and massive calcareous types, the in situ per& 
meability is controlled by the presence of fractures rather than by the 
rock matrix permeability. 

Geophysical borehole methods are available for detecting the presence 
of fractures adjacent to a borehole and therefore offer the potential 
to assess the rock mass permeability in those cases that it is control@ 

. led by fractures. In particular, the borehole sonic log has shown 
considerable promise for locating fractures in rock. Field experiments 
have been conducted in which digitized sonic log waveforms were obu 
tained across single , horizontal, isolated fractures intersecting a 
borehole in a crystalline rock mass. The fluid flow characteristics of 
these isolated fractures were measured using conventional borehole 
packer techniques, and the results compared. The field test will be 
extended to zones in the same rock mass where systems of fractures 
intersect the borehole, and again the results of sonic and conventional 
packer tests will be compared. The theoretical aspects of elasticawave 
propagation along a borehole intersecting a fracture of systems of 
fractures are also being studied, to establish the importance of fracn 
ture parameters, such as frequency of occurrence, aperture, and 
roughness, on velocity and attenuation. The theoretical studies are 
complemented by laboratory tests involving acousticfiwave propagation in 
rock specimens containing systems of fractures and microcracks. The 
field and laboratory experiments, and theoretical studies will estabc 
lish correlations between acoustic wave parameters and the permeability 
of the rock mass adjacent to the borehole. 

F. (L. R. Myer and N. G. Cook) 

The objective of this research is to develop a better understanding 
through theoretical and laboratory Investigations, of the interk 
relationships between microcrack formation, changes in microcrack 
density, and the thermomechanical properties of crystalline rock. 
Analogous in many ways to the effects of microcracks on properties of 
laboratory sized samples are the effects of joints and fractures on the 
thermomechanical properties of rock masses, Comparative evaluation of 
the effects of micro& and macro& cracks on physical properties of rocks 
has become an important element of this research. 

In earlier stages of this re arch program fracture mechanics concepts 
were employed to evaluate the effective moduli of an elastic solid 
containing strongly interacting rocks. The same concepts have been 



. 
used to evaluate the stiffness of a single fracture represented in two 
dimensions by a series of coplanar closely spaced cracks. 

Stiffness of a single fracture is an essential element in a new model 
agation of seismic waves across such a feature. 
a single fracture is modeled as a zero thickness interface 

which produces a discontinuity in seismic wave displacements while 
seismic stresses remain continuous across the fracture. The magnitude 
of the seismic displacement discontinuity is dependent upon the stiff- 
ness of the fracture, that is, the ratio of stress to displacement 
across the fracture. A consequence of the theory is that the attenua- 
tion and decrease in group velocity of a wave propagating across a 
fracture is dependent upon fRequency and the contrast in acoustic 
impedance between the fracture and adjacent rock. 

The seismic displacement discontinuity theory has been verified in 
laboratory tests using steel samples with a single interface calculable 

. stiffness; Laboratory tests have not been performed on cylindrical 
samples of granitic rock containing a single natural fracture. In 
these tests compressional and shear waves with a center frequency of 
about 400 kHz were propagated across the fracture while it was sub' 
jected to normal stresses ranging from about 1.4 MPa to about 82 MPa. 
Effects of the fracture on wave propagation were evaluated from the 
ratio of spectral amplitudes of the measurements on the fractured 
sample to those of identical measurements on the fractured sample to 
those of identical measurements on a sample without a fracture. In 
addition to the seismic measurements, fracture deformations were ob+ 
tained under quasibstatic loading conditions. From these measurements 
values of incremental displacement discontinuity as a function of 
stress across the fracture were derived. 

Above a normal stress of about 70 MPa, the presence of the fracture had 
little effect on the transmitted wave as evidenced by a spectral ratio 
of nearly unity. Correspondingly, the incremental displacement disconb 
tinuity across the fracture approached zero. At lower normal stress 
the effect of the fracture was to cause a frequency dependent attenuag 
tion of the transmitted wave. Corresponding to the increase in 
attenuation was a significant increase in the incremental displacement 
discontinuity. As the normal stress across the fracture decreased the 
stiffness of the fracture also decreased, leading to the observed 
frequency dependent attenuation. 

In addition to the single fracture seismic wave studies, a technique 
was developed for study of the effect of anisotropy in microcrack 
density on acoustic waves properties. In this technique, a cylindrical 
core is encased in a titanium sleeve and the space between the core and 
the sleeve is filled with a Wood's metal'like alloy. Acoustic wave 
transducers are attached to the sample so that the wave propagate 
diametrically from one side of the sample to the other. By rotating 
the transducers around the sample of the effects of anisotropy on the 
wave properties can be evaluated. In an initial test on anisotropic 
Bandera sandstone, a 10% anisotropy in both compressional and shear 
wave velocities was evident. 
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C. Advanced Research Concepts (T. V. McEvilly) 

Research performed under this project allows selected new scientific 
concepts in the Geosciences to be pursued to a stage sufficient for the 
investigator to present the concept in terms of a well formulated 
technical proposal. Work on such conceptual research topics may inc 
clude literatrue reviews, scoping studies, first+order conputational 
efforts or generation of basic experimental data. New topics are 
selected annually based on the concepts' scientific merft 
relationship to Geosciences Program plans and the efforts' 
contribution to the research missions of the Lawrence 
Laboratory. 

In fiscal year 1986 ACRC emphasizes innovative res ch initiatives in 
geophysical remote sensing of the earth's crust. Topics encompass 
early investigations of long@distance remote r ncing of electromag- 
neti'c surveys, borehole @ based seismic prof employing poxarized 
shear waves, and acoustic tomography to characterize heterogeneous rock 
masses. A s e c o n d  a c t i v i t y  is in the area of advanced 
hydrological/geochemical transport code development. 

Beyond FY 1986, ACRC will emphasize characterization of physicalY 
chemical processes at great depths in the earth's crust. In addition 
to activities supporting the CSDP and URL initiatives, we plan to 
explore the concept of a centrifuge for high temperature (to 16OOOC) 
environments to investigate properties of silicate melts. 

- \  
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Contractor: LAWRENCE BERKELEY LABORATORY 
University of California 
Berkeley, California 94720 

Contract : DE-AC03-76SF00098 

Category : Geochemistry 

Person in Charge: T. V. McEvilly 

A. Thermodynamics of High Temperature Brines (K. S. Pitzer) 

This project covers theoretical and experimental studies concerning the 
thermodynamic properties of aqueous electrolytes at high temperatures. 
The components important in natural waters and brines are emphasized. 
The resulting data are important in understanding certain geothermal 
and other natural resources and in fission&product waste disposal. 
Moreover, this information has a wide range of applicability, since 
similar solutions arise in many industrial processes and in higha 
pressure steam power plants. 

The experimental program involves measuring the heat capacity and the 
density of solutions in the range 0 to 30OoC and 0 to kbar. These 
measurements suffice to give a comprehensive equation of state, 
provided that other thermodynamic properties are known for a particular 
system at room temperature and pressure. 

Theoretically based equations have been developed for the thermodynamic 
properties of aqueous NaCl valid from 273-823 K, to 1 kbar, and to 
saturation with the solid. Recently, an equation was developed for 
NaCl in steam valid to the pressure of the three-phase line below 900 K 
and to 500 bars from 900 K to 1300 K and probably to still higher 
temperature. This result clarifies the NaC1-H20 phase diagram where 
there were conflicting data above 900 K. 

Other theoretical work has yielded equations predicting the properties 
of mixtures based on the knowledge of the pure component solutions in 
water. In a number of cases, the calculated results for mixed brines 
are well verified by direct measurement. Phase equilibria can be 
predicted. In collaboration with the Whiteshell Nuclear Research 
Establishment, Atomic Energy of Canada, equations hqve be$" de_velope_d 
for systems involving such fission product ions as Cs , Sr , I , IO, . 
When these data are combined with earlier results, a comprehensive 
treatment can be given of phase equilibria over a range of temper,atur$s 
fyr sotutioqq con$gining+the @$ochemica_lly iporgant ioJs H , =Li , Nap, 
K , Cs , Mg , Ca , Sr , Sr , and F , C1 , I , IO, , SO,, , HCO, , 
OH-. 
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Thermodynamic Properties of Sil lcate Materials (I.S. E. Carmichael, R. 
A. Lange, D. A. Snyder) -_ 

Accurate data fo r  the thermochemical and physical properties of sili- 
cate minerals and melts is tantamount t o  modern quant i ta t ive  igneous 
petrology. There 1s a growing need for these data for predictive phase 
equilibria models, heat balance calculations d u r l n g  magma evolution, 
and f o r  developing and constraining chemical models of s i l i c a t e  
l i q u i d s .  It is the objective of t h i s  project  t o  measure these ther- 
modynamic parameters anU the physical r t i e s  of s i l icates  and their 
melts. 

Currently, the emphasis is bn deterrdinlng the enthalpies and enthalpies 
of fusion of refractory minerals. A h i g h l y  .accurate ad iaba t ic  h i g h  
temperature drop calorimeter. has been brought t o  its f i n a l  stages of 
construction and is being prepared for '  ca l ibra t ion .  T h i s  instrument 
w i l l  operate between 1800 and 2700 K and hence is suitable for measurer 
ments on corundum, Allot, and minerals (e.g., fors ter i te ,  Mg,SIO,, and 
sp ine l ,  M g A l , O , )  t ha t  cons t i t u t e  the source regions of many magmas. 
Enthalpies of fusion of these minerals, Qhich have never before been 

iece In the puzzle of magma 
generatison and evolution. 

(0. Weres 1 

The objective of t h i s  project I s  t o  simulate the generation and evolu- 
t ion  of petroleum hydrocarbons. and t h e i r  precursor compounds i n  the 
laboratory. The ultimate purwse is t o  improve understanding of t h e  
chemical reactions. that produce 'petroleum i n  nature. The knowledge may 
lead t o  improved'plethods of findings and recovering o i l  and gas. T h i s  
work has contributed t o  a ' be t t e r  understanding of the hydrothermal 
chemistry of organic compo s, a topic with applications broader than 

A var ie ty  of organic compounds and polymers have been reacted with clay 
and b r i n e  i n  an autoclave . a t  . 3 1 5 O C  for  several years. The reaction 
products are extracted and identified using gas chromatography, coupled 
gas chromatography - mass 

A s e r i e s  of . h alcohols, '  alkenes, and alkanes have 
demonstrated why alkenes a re  largely absent from petroleum. Alkenes 
rapidly add t o  alkanes. producing alkanes of higher molecular weight . 
A l l  reaction$ of hydracarbons'may be explained i n  terms of free radical 
chain mechanisms, and there 'is no clear evidence f o r  ionic  react ion 
mechanisms . . 
Experiments with carboxylic acids have demonstrated the source of the 
abundance ace ta te  ion l n  hot gas f ie ld  waters. Larger molecules and 
polymers that contain carboxylate' groups p re fe ren t i a l ly  decompose t o  
y i e l d  a c e t i c  acid.  Acetate then slowly decomposes t o  methane and 
bicarbonate ion, and may be an important precursor of natural  gas i n  
certain situations. 

petroleum geochemistry. . * '  

d mass spectrometry. 
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A computer  program which models phase r e l a t i o n s  i n  t he  system b r ine  - 
o i l  - gas a t  high temperature and pressure has been completed ahd used  
t o  e x p l a i n  the production of l i q u i d  hydrocarbons from geopressured gas 
wells. A small amount of o i l  is present ,  d ispersed i n  t h e  fo rma t ion .  
The more s o l u b l e  aromatic hydrocarbons d i s s o l v e  i n  t h e  br ine ,  and are 
produced with the br ine and gas. Gas d isso lved  i n  t h e  b r i n e  combines 
w i t h  t h e  remaining p a r a f f i n i c  hydrocarbons t o  form a s u p e r c r i t i c a l  gas 

. phase, which is v e r y  f l u i d  and able  t o  migrate t o  t h e  wellbore.  
Increas ing  production of gas condensate i n d i c a t e s  the s u p e r c r i t i c a l  gas 
phase is migrating toward the wellboke, and appearance  of a l k a n e s  Cw8 
and up ind ica t e s  that  production of o i l  is imminent. 

1. .\, 
' 

D. S t u d i e s  of the I n t e r a c t i o n s  Between Mine ra l  S u r f a c e s  and I o n s  i n  
Solu t ion  (D. L. Perry) 

This  project determines t h e  basic surface chemistry of common m i n e r a l s  
(bo th  s y n t h e t i c  and n a t u r a l )  and t h e  chemical r e a c t i o n s  of metal ions  
with the mineral  s u r f a c e s .  The research c o n s i s t s  of the T o l l o w i n g  
areas: 1 )  basic spectroscopy of n a t u r a l  minerals  and their s y n t h e t i c  
counterpar t s ,  2) spec t roscopic  s t u d i e s  of the chemical states of metal 
i o n s  t h a t  have been adsorbed onto  the mineral  faces from s o l u t i o n ,  and 

. 3) s y n t h e s e s  and s p e c t r o s c o p y  of model compounds t h a t  form i n  t h e  
mineral/metal  ion reac t ions .  

Mul t ip l e  exper imenta l  t e c h n i q u e s  used  i n  t h e  spectroscopic s t u d i e s  
i n c l u d e  x- ray  p h o t o e l e c t r o n ,  e l e c t r o n  paramagnetic resonance, Auger, 
and in f r a red  spectroscopy. Secondary ion mass spectrometry, along wi th  
depth p r o f i l i n g ,  has also been used t o  s tudy the e x t e n t  of rad ionucl ide  
migration i n t o  t h e  mineral  bulk. The research t o  date  has f o c u s e d  on 
t h e  i n t e r a c t i o n  of uranium w i t h  zeo l i t e s ,  components of basalt and 
t u f f ,  two of t h e  l e a d i n g  c a n d i d a t e  host rocks f o r  n u c l e a r  waste 
repositories. 

Other research has involved the reduct ive  chemisorption of h i g h - v a l e n t  
metal ions  such as uranium(V1) onto s u l f i d e  s u b s t r a t e s  (galena,  p y r i t e ,  
etc.). The chemical states of the metal i o n s  can  t h e n  be t r a n s l a t e d  
i n t o  o x i d a t i o n  states and func t iona l  groups and chemical species; t h i s  
work is also being conducted using complementary laser*or i e n t e d  tech- 
niques (Raman and Fourier transform in f r a red  spectroscopy). 

The r e s u l t s  of these s t u d i e s  w i l l  provide a more comprehens ive  under* 
s t a n d i n g  of the  bonding between metal ions  and geologic materials, and 
they w i l l  provide a larger data base f o r  theore t ica l  models used  t o  
p red ic t  metal ion migration i n  geologic media. 

E. Abiogenic Methane Production from Igneous  and Metamorphic Rocks (J. 
APPS) 

The purpose of t h i s  project is t o  determine the o r i g i n  and c o n d i t i o n s  
of formation of methane associated with igneous rocks. The p o s s i b i l i t y  
e x i s t s  that  methane der ived from abiogenic  sources may have cont r ibu ted  
s u b s t a n t i a l l y  t o  the world's o i l  and gas accumulattons. The problem is 
being approached from three d i r ec t ions :  ( 1 )  through examination of the  
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thermodynamics of methane stability in the upper mantle and lower 
crust, (2) by theoretical simulation of the hydrolysis from mafic and 
ultramafic rocks between 25 and 5OO0C, ( 3 )  through autoclave experik 
ments of mafic rock hydrolysis between 150 and 4OOOC. 

Investigations have focused on refinement of the thermodynamic 
propertles of minerals participating in hydrolysis reactions involving 
mafic and ultramafic rocks, and the role of seawater components in 
inhibiting or modifying methane formation. Computer code modifications 
to facilitate theoretical modelling have been completed. Modification 
of an autoclave for experimental verification of theoretical modelling 
results is under way. 

F. Nonisothermal Reservoir Dynamics (C. F. Tsang) 

This project en passes a wide range of fundamental studies of fluid, 
heat and solute transport in rock. These studies are relevant to 
geological disposal of nuclear waste, chemical waste disposal, undera 
ground energy storage, geothermal energy and other energy*related 
problems. The ggal is to better understand various physical and chemiH 
cal transport processes in porous or fractured media and their effects, 
through theoretical consideratio.ns, mathematical modeling and 

The following topics are addressed: 

a. Coupled thermoKhydro+mechanical e are. being studied based on 
numerical modeling. The main computer code being used is ROCMAS, 
developed by LBL under DOE funding. Besides applying to nuclear 
waste storage scenarios, a case study in petroleum reservoir re* 
search is also being addressed. The latter is related to 
hydrofracturing an oil reservoir by injecting water that is colder 
than the formation temperature. Recent indications from an oil 
field show that the pressure required for hydrofracturing is lower 
by about 5 MPa in the nonkisothermal than In the isothermal case. 
Such a study not only validates our computer code, but also 
provides the physical insight and understanding of coupled 
processes in oil reservoirs. 

b, The work on ehole/surface resistivity measurement of hot water 
or contaminant plume movements in an aquifer is continuing. A 
small field experiment will be carried out to validate the tech+ 
nique and computer results. If proven by the field test data, we 
may have a useful and economic method to trace fluid plume 
movements. The project Is jointly funded by the thermal energy 
storage program of DOE. 

Advanced well test techniques are being developed with emphasis on 
nonGconventiona1 measurements. Conventional methods mainly use 
pressure or f lowkrate measurements while we are exploring methods 
involving temperature, tracer and geophysical measurements, These 
new testing methods are needed to better characterize the aquifers 
and fractured porous media of concern in toxic or radioactive waste 
transport. 

laboratory investigations. . " .  

c. 
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G. Chemical Transport in Natural Systems (C. L. Carnahan and J. S. Remer) 

The existence of coupling between transport processes to create flows 
of heat, volume, and solutes driven by forces seemingly unrelated to 
the flows has been known for many years. The coupled effects cannot be 
explained within the framework of equilibrium thermodynamics nor by 
invocation of the classical phenomenological relations of Fourier, 
Darcy, Fick, and Ohm. A new approach, the thermodynamics of irrevers9 
ible processes, has provided a theoretical basis for interpretation and 
study of the coupled processes, which include chemical osmosis, thermal 
osmosis, thermal diffusion (Soret effect), ultrafiltration, electro" 
osmosis, electrophoresis, and coupled chemical diffusion. 

We have been applying the thermodynamics of irreversible processes to 
theoretical studies of chemical transport in systems where the coupled 
effects could be expected to be significant relative to the direct 
effects predicted by Fourier's Law, Darcy's Law, and Fick's Law. Such 
systems are acted upon by gradients of temperature, pressure, and 
composition, and may contain materials that behave as semipermeable 
membranes, in which coupled osmotic effects are especially prominent. 
It appears from data reported in the literature that WatePsaturated 
clays and shales can behave as osmotic membranes in nature, creating, 
for example, observed anomalous pressure differences between aquifers 
of different salinities. In addition to their intrinsic geological 
interest, semipermeable clays are used as barriers to migration of 
toxic chemical wastes and of radioactive wastes at uranium mill tai- 
lings dumps, and have been proposed for use as barriers to migration of 
radioactive wastes at underground nuclear waste repositories where 
thermal, as well as chemical, driving forces will be present. 

During 1985, we developed a numerical simulator of the coupled (and 
direct) processes occurring in the presence of continuously evolving 
fields of temperature, pressure and composition. We extended previous 
work by others and derived governing equations for temperature and 
pressure that include explicit contributions from entropy production by 
irreversible processes. Because of the nonlinear nature of the govern& 
ing equations, considerable difficulty was encountered in their 
solution. In addition, no analytical solutions are available for 
verification of computed results, and many manual calculations have 
been done for this purpose. The results have been generally very good. 
Simulations run in the coupled modes have produced highly interesting 
results that agree qualitatively with our expectations of coupled 
system behavior. For example, in simulations with a boundary condition 
specifying zero flow of water in the presence of either a solute con- 
centration gradient or a temperature gradient, the computed pressure 
gradient is observed to change so that an advective flow of water 
cancels the chemical osmotic flow in the first instance or the thermal 
osmotic flow in the second instance. 

Our research has been aided significantly by access to the Cray X*MP 
computer at the National Magnetic Fusion Energy Computer Center. 
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H. Impacts and Mass Extinctions (L. Alvarez, F. Asaro, H. V. Michel, and 
W. Alvarez) 

The overall objective of this project is to determine the relationship 
between asteroidal or other large-body impacts on the Earth and 
repeated massive extinctions of life which have occurred in the last 
570 million years (MY). The primary mechanism for the research cond 
sists of intensive chemical and selective mineralogical studies (on 
sediments near both major and minor extinction boundaries) which are 
run in parallel with floral and faunal fossil studies by collaborating 
geologists and paleontologists. A secondary but major objective is to 
ascertain if a series of time markers of very high precision and ac- 
curacy (in the form of iridium and other geochemical anomalies) can be 
developed for relative dating and correlation of sediments in many 
different parts of the world. A minor objective is to evaluate the 
major chemical and mineralogical alterations which have occurred in the 
sedimentation of the 65 MY old Cretaceous-Tertiary (K=T) boundary, the 
one most closely linked to a large body impact, in order to predict the 
behavior expected in older boundaries. 

We have built and tested an Iridium Coincidence Spectrometer (ICs) 
which can measure lowelevel Ir contents of very calcareous samples 
after neutron irradiation 500 times faster than by instrumental neutron 
activation analysis with the same precision. No chemical separations 
are needed and the time for sampled preparation is very minimal. The 
instrument is 100 times faster than measurements made on partially 
separated iridium extracts which involve techniques developed at LBL in 
the past for large scale sampling. It is 10 to 100 times less labor 
intensive and more economical, than analyses made on completely 
separated iridium fractions. The ICs is not subject to uncertainties 
in chemical yield of Ir like radiochemical measurements or the pos' 
sibility of laboratory contamination by stable Ir carrier. 

A 2 112 year systematic search for Ir anomalies (utilizing our 
radiochemical separation method) in the 500,000 year span of the 
paleomagnetic zone anomaly 29 reversed (G-zone in Italy) has been 
completed. Besides the huge Cretaceous - Tertiary (K-T) boundary 
iridium spike, - 3000 parts-perktrillion (ppt) Ir, there is a plateau 
with sloping sides under the peak as high as 30 ppt of Ir. The plateau 
extends 1.1 meters below the KdT boundary into the Cretaceous system 
and up about 1.5 meters into the Tertiary system and rests on a back' 
ground of 12 ppt Ir. 

The lack of any significant Ir anomaly over a halfemillion year span 
ather than the one at the KwT boundary indicates these anomalies are 
very unusual events not related to ordinary deposition of sediments. 
These data give strong support to the asteroid (or comet) impact 
theory. 

A prominent Ir anomaly (180 ppt) has been identified in - 39 million 
year old sediments form DSDP Hole 592 taken from between Australia and 
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N e w  Zealand.  This is the most sou the r ly  3 6 O  28.40' south l a t i t u d e )  of 
the approximately 10 l o c a t i o n s  where t h i s  i r i d i u m  h o r i z o n  has been 
i d e n t i f i e d  and c o n f i r m s  its worldnwide d i s t r i b u t i o n .  P re l imina ry  
measurements i n d i c a t e  there may be considerable  f i n e  s t r u c t u r e  i n  t h e  
Ir anomaly w i t h  very small peaks  (9+30 p p t )  i n  the  reg ion  1 meter below 
t o  14 meters above the main Ir peak. 

F ine  s t r u c t u r e  i n  Ir  anomal i e s  is expected i f  the theory  of mult ip le  
comet impacts associated wi th  periodic e x t i n c t i o n s  is  correct.  Also 
the  enhanced d e p o s i t i o n  of cosmic d u s t  associated w i t h  such impacts 
would lead t o  Ir p la teaus  under the major Ir anomalies. 
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A. Hydrothermal Chemistry (A. F. White and H. A. Wollenberg) 

This project supports the CSDP program by providing geochemical i n p u t  
to  define potential thermalwregimes d r i l l i n g  targets and to  investigate 
those targets. Act iv i t ies  a re  centered a t  the Valles Caldera, New 
Mexico, Long Valley Caldera, California and the Salton Sea geothermal 
f ie ld  California. 

A de ta i led  computer model of chemical reactions of hydrothermal f l u i d s  
within the Valles Caldera has been completed. These a re  the f irst  
r e s u l t s  from use of a r e a c t i o n  pa th  model t o  character ize  the 
hydrothermal evolution from i n i t i a l  ground water recharge t o  discharge 
from a thermal s p r i n g  system. The model demonstrates quantitatively 
that the l i q u i d  and gas chemistry i n  the reservoir  can be produced 
completely by reac t  ion wi th  reservoir rocks along a thermal gradient 
with no magmatic input required. High measured C02  pressures a r e  
reproduced by s i l i ca te  metamorphic reactions i n  carbonate rocks under- 
l y i n g  the caldera. Reaction kinetics wer&employed w i t h  an estimated 
reac t ive  rockcwater r a t i o  of 0.5 kg.kg based on an independent es- 
timate from ‘$0 s h i f t s  and l i t h i u m  mass balances. A t o t a l  react ion 
time of 3.5~10’ years w a s  calculated for the hydrothermal system. The 
chemistry of the retrograde thermal discharge system culimating i n  hot 
s p r i n g s  outside the  topographic confines of t h e  caldera was a l s o  
modeled. Cat ionchloride radios indicate that chemical reequ 11 i brat  ion 
ceases t o  occur a t  temperatures below 295OC. The effects of chemical 
reactions on t he  Na’K and NahK+Ca geothermometers a re  quant i ta t ive ly  
explained. F l u i d  and gas samples were collected from the Casa Diablo 
geothermal f i e l d  and other hot spr ings  i n  Long Valley. The a l t e r a t i o n  
mineralogy of rock cu t t ings  from a number of wells is a l so  being 
characterized. Integration of t h i s  data w i l l  pe rmi t  character izat ion 
of equilibrium conditions i n  the Long Valley hydrothermal system. 
Isotope rat ios  of meteoric .water, ground water, and rock a re  being 
investigated t o  determine the recharge source and circulation time of 
the hydrothermal f l u i d s .  Carbon-1 3 data indicate  tha t  a l t e r ed  roof 
pendant carbonate rocks wi th in  the caldera are significant contributors 
of the dissolved C02 i n  the geothermal f l u i d s .  The ‘‘C signature a t  
Long Valley can therefore  not be attributed solely t o  a magmatic CO 
source . 2 
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The major project a c t i v i t y  a t  the Sa l ton  Sea, i n  cooperat ion w i t h  LANL 
and SNL,  has been a t tempts  a t  i n  s i t u  downhole sampling of br ines  a t  
the  SSSDP well. Due t o  high temperatures (300 t o  3 5 O O C )  and  t h e  corc 
r o s i v e  n a t u r e  of t h e  s a t u r a t e d  b r i n e ,  a large number of t e c h n i c a l  
d i f f i c u l t i e s  were a n t i c i p a t e d  and encoun te red  i n  t h e  u s e  of downhole 
samplers. Two successful runs were made, one using the  LANL twoLliter 
evacuated sampler and one wi th  the LBL f1ow”through sampler. Analyses  
of f l u i d s  col lected by bo th  samplers are c u r r e n t l y  being conducted. 
Resul t s  w i l l  provide important information on effects of sampler design 
and compar isons  w i t h  a n a l y s e s  of f lashed  wellwhead samples obtained 
during a flow test .  

B. P r e e D r i l l i n g  Data Review f o r  the Long Valley Caldera, Cal forn ia  (N. E. 
Coldstein,  T. V. McEvllly, H. F. Morrison, Harold Wollenberg) 

The Long Valley caldera is one of the best s tud ied  P le i s tocene  s i l i c i c  
v o l c a n i c  f e a t u r e s  i n  t he  wor ld ,  and a prime c a n d i d a t e  s i t e  f o r  a 
phased ,  deep e x p l o r a t o r y  hole  t o  p e n e t r a t e  i n t o  t h e  w n e a r d n a m t i c w  
environment. To help determine the s i t e  f o r  t h i s  ho le ,  LBL is coorb 
d i n a t i n g  a n d  e x p e d i t i n g  t h e  p r o c e s s i n g  a n d  i n t e r p r e t a t i o n  of 
unin terpre ted  geophysical data sets for the caldera. This p r e r d r i l l i n g  
data r e v i e w ,  co-funded by DOEIGTD and DOE Basic Energy Sciences, w i l l  
lead to  a major workshop i n  early 1987, where improved i n t e r p r e t a t i o n s  
r e g a r d i n g  s u b s u r f a c e  s t r u c t u r e  a n d  thermal c o n d i t i o n s  w i l l  be 
presented. To carry out  t h e  data r e v i e w  we have  i d e n t i f i e d  a l l  re& 
search b e i n g  conducted  i n  Long V a l l e y  and a l l  researchers with data 
sets under or needing evaluat ion.  Three working g r o u p s ,  seismology, 
electrical‘gravityhuagnetics, and hydrologyhgeochemistry, have been 
organized t o  keep the var ious  researchers informed of what t h e  others  
are doing and t o  plan presenta t ions  a t  the workshop. 

New s t u d i e s  underway because of t h i s  project include: 

a. 2-D and 3vD r e s i s t i v i t y  models, based on nea r ly  60 new magnetotelr 
luric soundings, an a i rborne  e l e c t r o m a g n e t i c  s u r v e y  ( I N P U T ) ,  and 
var ious  control ledksource soundings. 

b. Processing and i n t e r p r e t a t i o n  of two l i n e s  of h igh  r e s o l u t i o n  CDP 
and wide@angle r e f l e c t i o n  seismic data. 

3-D invers ions  of P*wave de lay  and seismic wave a t t e n t u a t i o n ,  using 
data from teleseisms and local earthquakes. 

c. 

d. 3-D d e n s i t y  i n v e r s i o n s ,  u s i n g  o v e r  400 g r a v i t y  s t a t i o n s  w i t h  
topographic ,  i s o s t a t i c  and r e g i o n a l  co r rec t ions ,  and c o n s t r a i n t s  
from d r i l l  hole and seismic r e f r a c t i o n  analyses .  

e. Combined i n t e r p r e t a t i o n s  of g r a v i t y ,  Pewave d e l a y  and magnetic 
data. 

I n  a d d i t i o n  t o  the new data from the 2346 Ptkdeep Shady Rest core hole 
i n  the caldera’s west moat, we are c u r r e n t l y  n e g o t i a t i n g  w i t h  Unocal,  
Geothermal Division t o  f i n d  a basis by which Unocal w i l l  provide us  
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w i t h  data from t h e i r  44-16 well i n  . the west moat and the i r  sets of 
surface geophysical data ,  .We have a l s o  ‘ i d e n t i f i e d  s e v e r a l  s t u d i e s  
r e c e n t l y  completed by.gPaduate s tuden t s  tha t  include a Curie isotherm 
a n a l y s i s  based on the h i g h p l e v e l  ae romagne t i c  data and 3 R D  ex t rema1 
i n v e r s i o n s  of v e r t i c a l  u p l i f t  and Pwwave t r a v e l  time data. Resul t s  of 
these s t u d i e s  w i l l  be folded i n t o  t h e  subsurface models. 

R e f l e c t i o n  P r o f i l i n g  a t  t he  S a l t o n  Sea Deep Hole (E. Majer and T. V. 
. .  

McEv i 11 y ) - .  
. -  

A s  a first s t e p . i n  determining the seismic p rope r t i e s  of the Sa l ton  Sea 
geothermal zone,  a m u l t i - s o u r c e  (Pc, SVP, and.  SH),  mu1t . i -offset  
Vertical Seismic P ro f i l e  (VSP) was carried out  i n  the Sa l ton  Sea deep 
well. The o b j e c t i v e  of t h i s  s tudy is t o  determine t h e  seismic s t r u c -  
t u r e  and l i t h o l o g y  near  and away from the well, and c o r r e l a t e  the VSP 
data with the well log and core information. A second o b j e c t i v e  is t o  
look below the w e l l  for r e f l e c t i o n s  from the  basement s t r u c t u r e  and/or 
other f e a t u r e s  that  may be a c t i n g  as reflectors, i.e. p lu tons  or  other 
i n t r u s i v e  bodies. A1so;the VSP data would be very u s e f u l  for planning 
any subsequent su r face  r e f l e c t i o n  s t u d i e s  or further<VSP work. 

The VSP work  was carried o u t  late March of 1986.’ The VSP. survey ex* 
tended t o  a depth of 5700 feet, a t  which p o i n t  t h e  h i g h  t e m p e r a t u r e s  
p r o h i b i t e d  any further extension of survey. Two complete offsets were 
carried ou t  i n  t he  42 hours of r i g  t ime?al located.  A t  t h e  n e a r  (500 
f e e t )  and f a r  (2500 f e e t )  o f f s e t s  t h e  three component geophone was 
moved from 5700 feet t o  2000.feet i n  50 foot in t e rva l s .  A t  each i n t e r h  
V a l  i n  t h e  well a P i ,  SV-, and SH-wave source was recorded. I n  total ,  
over 2000 l f shotsn  Were r e c o r d e d  a t  almost 150 l e v e l s  i n  t h e  well. 
Current ly ,  the data are being processed a t  the Center for Computational 
Seismology a t  LBL. P r e l i m i n a r y  p r o c e s s i n g  i n d i c a t e s  t ha t  there is 
severe  S-wave a t t e n u a t i o n  a t  the bottom of the survey zone, with no t  as 
severe  P-wave a t tenuat ioh .  After complete p r o c e s s i n g  * t h e  v e l o c i t y  , 
a t t e n u a t i o n  and Sgwave po la r i za t ion  anomalies w i l l  be compared with the 
known s t r u c t u r e .  The VSP data w i l l  allow ex t r apo la t ion  of the physical 
p rope r t i e s  measured i n  the well t o  zones below and away fr 

Geophysical Measurements Faciiity’ (E. Majer and V. .McEvilly) 

The Geophysical Measurements F a c i l i t y  (GMF) was established a t  LBL t o  
facil i tate the use of f i e l d  instrumentat ion in BES and other programs, 
by e s t a b l i s h i n g  a f a c i l i t y  t o  m a i n t a i n  geophyscial  equipment  i n  a 
f ie ldr ready  and calibrated s t a t e .  Many prodects  t h a t  i n v o l v e  f i e l d  
measurements  of t e n  are  r e q u i r e d  unexpectedly t o  devote large proporp 
t i o n s  of the funds r e fu rb i sh ing ,  r e n t i n g ,  a n d / o r  buying  equipment  i n  
order t o  c a r r y  ou t  the experiment. The concept behind GMF is t o  minilc: 
mize the unexDected p e r i p h e r a l  cos t s  a s s o c i a t e d  w i t h  t h e  c o l l e o t i o n  
f i e l d  data. BES d e v e l o p i n g  programs s u c h  as Continental  S c i e n t i f i c  
D r i l l i n g  have heavy elements 6f f i e l d  geophysical s tud ie s ,  By s h a r i n g  
p r o p e r l y  m a i n t a i n e d  equipment  o v e r a l l  f i e l d  costs will be minimized. 
GMF, while va luable  i n  LBL programs, is meant t o  p r o v i d e ’ a  f a c i l i t y  
a v a i l a b l e  t o  a l l  agencies  p a r t i c i p a t i n g  i n  DOE programs. For example, 
Sandia has placed a portable d r i l l i n g  r i g  a t  GMF, 
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The list of equipment at GMF is quite long, and it includes a variety 
of seismic (ASP(2), digital recorders, two seismic vibrators, VSP 
recording and processing system, acoustic emission system) and electrig 

_. cal instruments (controlled source EM, DC resistivity, SQUID 
magnetometers). There is also a large variety of general field and 
test equipment (meters,*scopes, etc.) at GMF. Ths most recent addic 
tions are a complete VSP recording and infield processing system, and a 
complete well logging vehicle. The well logging truck was donated by 
DressergAtlas. It wilf.be,outfitted with 18,000 feet of new high 
temperature (3OOOC) 7*conductor cable. GMF is now serving many DOE 
programs; BES Geothermal, Waste Isolation, and it has succeeded in its 
goal of providing a pool of field-ready state-of-the-art equipment for 

. the collection of geophysical-field data. 

E. Geomechanical Laboratory Studies (L. Myer) 

. A study was initiated to obtain physical properties of core recovered 
.from the Salton Sea borehole. 1 Measurements will be performed in a test 
apparatus developed as part of a OBES-sponsored study of transport 
properties of  rock-fluid syetems at elevated temperatures and 
pressures. EmpQasis will be placed on measurement of acoustic wave 
.properties and Intact and fractured rock permeabilities. Measurements 
of compressional and shear wave velocities and attenuation will be made 
on cores from different depths to evaluate changes in these properties 
as a function of depth and proximity to production zones. Measurements 
will be made on both intact samples and samples containing fractures. 
This data will be important to the, evaluation of VSP surveys already 
completed at the site. 

The effort in the initial phase of this study was directed toward 
readying apparatus for measurement of the permeability of low per@ 
meability rocks. The technique used for these measurements is based on 
the pulse decay method in which the permeability of a sample is related 
to the rate of decay over time of a small differential pressure over 
the length of a sample. 

F. Continental Scientific Drilling Review Group (T. V. McEvilly and H. 
Wollenberg) 

Technical analysis and reviews are carried out in connection with the 
proposed and ongoing Continental Scientific Drilling projects. For 
this purpose, appropriate experts are drawn together from other Federal 
Agencies, universities, industry and other DOE laboratories. For FY 
1986L87 they are Keiiti Aki, University of Southern California; James 
Combs, Geothermal Resources International; William Dolan, AMAX; John 
Eichelberger, Sandia National Laboratories; Wilfred Elders, University 
of California at Riverside; Robert Fournier, United States Geological 
Survey; Care1 Otte, UNOCAL; James Papike, South Dakota School of Mines; 
John Sass, United States Geological Survey; Daniel Weill, Chairman, 
National Science Foundation; Harold Wollenberg, Lawrence Berkeley 
Laboratory; Lee Younker, Lawrence Livermore Laboratory. 
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G. Aqueous Solutions Database (S. L. P h i l l i p s )  

The focus of t h i s  project  is a National resource of mainly generic 
chemical thermodynamic data for  geoscientific research and advanced 
development. This computerized tabulation centers  around in t e rna l ly  
consis tent  values of Gibbs energy of formation, enthalpy of formation, 
entropy and heat capacity mainly for inorganic materials a t  25OC and a t  
zero ionic strength. Uncertainties are included for most values. From 
these intr insic  data, equilibrium constants can be calculated up  t o  
30OoC and saline brines for those reactions important t o  geoscientific 
research. Hydrolysis and complexation of metal ions, and solubili ty of 
s i l i c a  a r e  examples of chemical reactions. Besides generic geologic 
materials, data are available for  minerals associated w i t h  basa l t s ,  
t u f f ,  granite and sa l t .  Values of thermodynamic properties for several 
hundred geologic mater ia ls  a re  avai lable  over ARPANET, and i n  LBL 
report  14996 (rev.  1 ) .  I n  1986, a comprehensive model relevant t o  
p r e d i c t i o n  of  t h e  b iogeo log lca l  c y c l i n g  of s e l e n i u m  i n  t h e  
aquat i c l t e r r e s t r i a l  environment was completed. Equilibrium constants 
were calculated, e.g., for solubility of metal selenides, formation of 
metaleselenate ion pa i r s ,  and biomethylation of selenium. Property 
values for two methylation products (CH,),Se(g) and ( C H  ,) ,Se,(g) were 
calculated based on the incremental change i n  A G and S for 'CH, groups 
added t o  HzS(g), assuming the increment is idenhcal for H,Se(g). The 
correlation coefficient for the linear relation was 0.99. The selenium 
database w a s  reviewed by recognized experts, prior t o  incorporation i n  
the larger Aqueous Solutions Database. , 

A pregprocessor was planned and designed together w i t h  M.D. Siege1 of 
Sandia (Albuquerque) t o  permit use of our internally consistent ther l  
modynamic da tabase  f o r  s t a t i s t i c a l  a n a l y s i s  of t h e  v a r i o u s  
uncer ta in t ies  relevant t o  the storage of nuclear waste materials. 
Important Gibbs energy values are selected with their associated uncer* 
t a i n t i e s  i n  the factorial  design procedure, using the Sandia developed 
Latin Hypercube Sampling methodology. The result ing equilibrium con- 
s t a n t s  form the input  data t o  the PHREEQE computer code. 

H. Fundamental S tud ie s  of F lu id  Flow i n  Fractured Rock Masses under Stress 
(P. A. Wltherspoon, Y. W. Tsang and L. Myer) 

F lu id  flow and mass transport In  fractured rock masses are processes of 
importance i n  many areas of practical interest such as  the isolation of 
nuclear and toxic wastes, recovery of fossi l  fuel and t h e  development 
of geothermal energy. Prerequisite t o  predicting these processes i n  a 
rock mass is an understanding of them i n  a s i n g l e  f rac ture .  I n  t h i s  
research, f l u i d  flow and mass transpdrt i n  a single fracture subjected 
t o  s t ress  is being studied. Recent experimental evidence suggests that 
flow i n  natural fractures under modest s t ress  is predominately through 
interconnected channels. A theore t ica l  s t u d y  has been completed i n  
which f l u i d  flow through a s ing le  f r ac tu re  was modelled by flow in 
channels characterized by an aperture d e n s i t y  distribution function and 
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The labora tory  phase of t h i s  program was begun wi th  t he  measurements of 
t h e  h y d r a u l i c  c o n d u c t i v i t y  of a s i n g l e  n a t u r a l  f r a c t u r e  i n  g r a n i t e  
under normal stresses ranging from about 1.5 MPa t o  75 MPa. Flow tes ts  
were conducted  on f r a c t u r e s  o r i e n t e d  roughly  or thogonal  t o  t h e  long 
a x i s  of the c y l i n d r i c a l  samples using t h e  quadrant flow t echn ique .  I n  
t h i s  technique f l u i d  flow from one quadrant of the  i n t e r s e c t i o n  between 
the f r a c t u r e  and the c y l i n d r i c a l  su r f ace  of t h e  sample is measured. 

I n  add i t ion  t o  hydraul ic  measurements c a r e f u l  measurements were made of 
the  mechanical deformation of t h e  f r a c t u r e  i n  r e s p o n s e  t o  e f f e c t i v e  
stresses up t o  75 MPa. With a r e s o l u t i o n  of better than  0 . 5 ~  these 
measurements p e r m i t t e d  a c a r e f u l  e v a l u a t i o n  of t h e  change i n  mean 
f r a c t u r e  aperture with e f f e c t i v e  stress. 

A t  e f f e c t i v e  stresses of less than 20 MPa, t he  f l u i d  flow was found t o  
be p r o p o r t i o n a l  t o  the mean f r a c t u r e  aperture raised t o  a power some- 
what greater than three. It is bel ieved t h a t  t h i s  d e v i a t i o n  from t h e  
t f c u b i c  law" is because  changes  i n  contac t  area with e f f e c t i v e  stress 
cause t h e  e f f e c t i v e  hydraul ic  ape r tu re  of the f r a c t u r e  t o  change more 
r a p i d l y  t h a n  t h e  mean a p e r t u r e  between t h e  f r a c t u r e  s u r f a c e s .  A t  
e f f e c t i v e  stresses h igher  t h a n  20 MPa, t h e  mean f r a c t u r e  a p e r t u r e  
c o n t i n u e s  t o  d i m i n i s h  w i t h  i n c r e a s i n g  stress; b u t  t h i s  has  l i t t l e  
effect on specific flow because con tac t  area is chang ing  l i t t l e  w i t h  
increas ing  stress. 

I. Transport  Properties of Rock-Fluid Systems a t  Elevated Temperatures and 
Pressures ( M. S. King, L. R. Myer, and W. H. Somerton) 

The purpose of t h i s  research program is t o  develop and test a theoreti& 
c a l  model f o r  t h e  t r a n s p o r t  p r o p e r t i e s  of r o c k - f l u i d  s y s t e m s  a t  
e leva ted  temperatures and pressures ,  with p a r t i c u l a r  a t t e n t i o n  p a i d  t o  
the behavior of t i g h t ,  c r y s t a l l i n e  rocks. Transport  properties of such 
rocks are s t r o n g l y  i n f l u e n c e d  by t h e  p r e s e n c e  and d i s t r i b u t i o n  of 
interconnected f i s s u r e s  and cracks wi th in  the  rock. These i n  t u r n  are 
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a spa t ia l  c o r r e l a t i o n  parameter. The a p e r t u r e  d e n s i t y  d i s t r i b u t i o n  
f u n c t i o n  was r e p r e s e n t e d  by  a Gamma f u n c t i o n  c o n s i s t i n g  of one  
parameter. Thus c h a n n e l s  w i t h  s t a t i s t i c a l l y  g e n e r a t e d  a p e r t u r e  
p r o f i l e s  were d e f i n e d  based on two parameters. Tracer t r anspor t  be@ 
tween two po in t s  i n  a f r ac tu red  media was r e p r e s e n t e d  by a number of 
such  c h a n n e l s .  C a l c u l a t e d  t racer  breakthrough curves were found t o  
have f e a t u r e s  that  corresponded well t o  those In  r e c e n t  data by other 
I n v e s t i g a t o r s  . C a l c u l a t e d  p res su re  prof i les  along the  channels sug= 
gested possible measurements t h a t  may be u s e f u l  i n  i d e n t i f y i n g  t h e  
geometrical characteristics of channels. Both the tracer breakthrough 
and pressure  prof i le  seem t o  be i n s e n s i t i v e  t o  t h e  v a l u e  of s p a t i a l  
c o r r e l a t i o n  chosen.  However, t he i r  dependence on  t h e  form of the 
ape r tu re  d i s t r i b u t i o n  func t ion  remains t o  be s tudied .  F ina l ly ,  predic- 
t i o n s  were made for tracer breakthrough curves In  the  case of a s i n g l e  
f r a c t u r e  under var ious  va lues  of normal  stress. These c a l c u l a t i o n s  
showed t h a t  v e r y  small  decreases i n  the mean a p e r t u r e  r e s u l t  i n  very 
large inc reases  i n  b reak th rough  times because  on flow r a t e s  of the  
effect of c o n s t r i c t i o n s  i n  the channel. 



a '  affected by chemical processes that take place at a given confining 
pressure and temperature in the presence of a pore fluid. 
Consequently, any model must incorporate a description of these fea- 
tures and their behavior at elevated temperatures and pressures. A 
promising point of departure for establishing such a model is to study 
the propagation of elastic body waves through a material containing a 
distributioh of fissures and cracks of different shapes and sizes. 
Recent studies of models in which the pore configuration is assumed to 
be a population of oblate spheroids embedded in an elastic matrix has 
shown that elasticnwave velocity data may be successfully inverted to 
provide a spectrum of aspect ratios for regularly-shaped cavities. 
This approach is being extended to cover a material containing fissures 
and fractures consisting of rough surfaces in contact, in addition to 
regularly-shaped cavities. The theoretical model will be tested by 
inverting compressional and shear-wave velocity data obtained from 
tests on specimens of different rock types conducted in a multiple- 
properties, high@pressure, high-temperature cell now in the final 
stages of construction. This cell makes possible simultaneous measure- 
ments of several physical properties on a rock specimen as it is 
subjected to a prescribed cycle of changes in confining and pore pres- 
sure at different temperatures. The effect of chemical processes on 
these physical properties will be monitored before making measurements, 
and comparative observations made of pre- and postitest changes in 
petrofabric and compressional and shear-wave velocities and 
attenuation; fluid permeability; complex electrical resistivity and 
phase- angle/frequency relationships; thermal conductivity, difc 
fusivity, and expansion coefficient; bulk and pore compressibility. 
The multiproperties cell is currently being used to test the 
feasibility of a transient test method of low-permeability shale 
specimens. 

* '  
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The G e o l o g y ,  G e o p h y s i c s ,  and Ea r th  Dynamics Program a t  Lawrence 
Livermore N a t i o n a l  L a b o r a t o r y  c o n s i s t s  of six p r o j e c t s :  ( A )  Rock 
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S tudies ,  and (F) Advanced Concepts. 

A. Rock Mechanics (H. C. Heard, B. Bonner and W. B. Durham) 

T h i s  laboratory program i n v o l v e s  h i g h  p r e s s u r e  - h i g h  tempera ture  
research i n  two broad areas: Effects of poros i ty  on the mechanical 
a n d  t r a n s p o r t  p r o p e r t i e s  of  r o c k s ,  a n d  2) I n t r i n s i c  p h y s i c a l  
p rope r t i e s  of rocks and minerals. Under 1 1, we are  working on three 
s u b t a s k s .  The first seeks t o  q u a n t i t a t i v e l y  characterize the su r face  
topography of n a t u r a l  and a r t i f i c i a l  j o i n t s  and f r a c t u r e s  i n  order t o  
re la te  t h i s  t o  j o i n t  s t i f f n e s s  and f l u i d  flow. To do t h i s ,  w e  have 
constructed a computer con t ro l l ed  prof i lometer  and have  made measure- 
ments  on n a t u r a l  f r a c t u r e s  from Fenton H i l l  ( N M )  and S t r i p a  (Sweden). 
The second subtask concerns thermal and pressure-induced m i c r o f r a c t u r f i  
i n g  i n  c r y s t a l l i n e  igneous  rocks. Here, we wish t o  understand g ra in  
boundary crack formation as  caused by changes i n  p re s su re / t empera tu re .  
The r e s u l t a n t  goal is t o  ob ta in  a p r e d i c t i v e  c a p a b i l i t y  f o r  microcrack 
generat ion and related physical  p r o p e r t i e s  under  a r b i t r a r y  p r e s s u r e &  
t e m p e r a t u r e  p a t h s  as may be followed by cool ing  and unloading i n  the 
c r u s t ,  by opera t ion  of a geothermal production area or i n  a h i g h  l e v e l  
waste r e p o s i t o r y .  Us ing  a s i m p l e  i n c l u s i o n  model (Van der  Molen, 
19811, crack d e n s i t i e s  f o r  three g r a n i t i c  rocks,  a gabbro, and two 
basa l t s  have  been c a l c u l a t e d  by combining the high temperature,  high 
p r e s s u r e  Young's modulus and bu lk  modulus data of Heard a n d  Page 
t o g e t h e r  wi th  the  theory of O'Connell and Budiansky (1974). These are 
then compared with cracked d e n s i t i e s  der ived from l a b o r a t o r y  measures 
ments  of thermal expans ion  from Page and Heard (1981) and Heard and 
Page (1983). For a l l  six rocks, the r e s u l t s  are dependent upon the P,T 
path t o  which the rock is subjected.  Considering t h e  s i m p l i c i t y  of the 
model, w e  b e l i e v e  the  compar isons  are q u i t e  c l o s e  f o r  t h e  t h r e e  
g r a n i t i c  rocks.  The model underest imates  t h e  crack d e n s i t i e s  of t h e  
quar tzkf ree  gabbro and basal ts .  These r e s u l t s  have  been p u b l i s h e d  
(Wang and Heard, 1985). We are now extending these s t u d i e s  t o  examine 
crack loca t ion ,  crack volume and crack aspect r a t i o  i n  four l a b o r a t o r y  
tested g r a n i t i c  rocks over a range of P ,T 

1 )  
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condit ions. Diagnostic- techniques used. in .  these s t u d i e s  Include optic 
ca l  petrography, differential  thermal s t r a i n  measurements, acoust ic  
emission and compressional veloci ty  techniques. The t h i r d  subtask 
emphasizes measurement of thermal conductivity and thermal d i f f u s i v i t y .  
Here, we wish t o  understand how,microcrack formation, microcrackropen- 
ing or closure, affects thermal transport i n  igneous crystal l ine rocks 
under pressure. For use primar1l.y on r e l a t i v e l y  finekgrained rock 
samples of the order of 2.5 cm i n  diameter, our automated measurement 
technique produces precise and accurate measurements i n  a relatively 
short time, allowing detailed s t u d i e s  to  be made of subt le  var ia t ions  
of d i f f u s i v i t y  w i t h  pressure and temperature and of, variations from 
rock to  rock. Five different igneous rock types have been measured and 
the results are now i n  press. 

There are also three subtasks which comprise the broad area of i n t r f n r  
sic physical propert ies  of rocks and minerals. The first of these 
seeks t o  determine the operative sl ip/twln systems and t h e i r  charach 
t e r i s t i c  c r i t i c a l  resolved shear stresses for dolomite single crystals 
plastically deformed a t  h igh  temperature, h igh  pressure, and under 
var iable  s t ra in  rates. Such data w i l l  aid i n  sorting out the confused 
s ta te  of s t rength  measurements i n  dolomite aggregates and w i l l  be 
useful i n  predicting dolomite behavior-in nature. A series of compresr 
sion t e s t s  have been carried out on single crystals of dol@i@ a t  800 
MPa confining pressure, 500C800C and a t  s t ra in  rates of 10 s . These 
crystals were tested i n  several different crystallographic orientations 
w i t h  respect t o  the loading ax is  i n  order to  preferentially favor or 
minimize s l i p  on a single system. Results from these t e s t s  were then 
corn a r  d t o  a similar t e s t  series of dolomite crystals accomplished a t  
10 s s t r a i n  r a t e .  These samples a re  being examined u s i n g  TEM 
techniques. We,alre,,currently repeating these t e s t  series bu t  a t  a 
s t ra in  ra te  of 10 s . A second~subtask is underway t o  help interpret 
these flow data i n  dolomite crystals. This involves the determination 
of the seven e las t ic  constants forming the st iffness tensor of.dolomite 
a t  high pressures and temperatuces. These data w i l l  be taken i n  exist’- 
ing apparatus by the ultrasonic method; The fas t  $$btask inyfs t iga tes  
the effect of trace amounts (0.4 ’ -  0 .6%)  of K , Mg , and Ca upon the 
steady s ta te  flow of NaCl a t  high pressures, temperatures, and variable 
s t r a i n  r a t e s .  The rheological behavior of f i ve  d i f f e r e n t  doped 
materials were determ1ned.h stepped s t r a i n  r a t e  t e s t i n g  a t  200 MPa 
pressure,  i n  cqpressieq gfd a t  temperatures (T)  of 200°@5000C, st rain 
ra tes  ( E )  of 10 t o  10 s and s t ress  ([I) of 1 t o  55 MPa. ’ A l l  seconb 
dary creep r e s u l t s  wer%well f i t  by a power law flow,equation of the 
form: E = A exp (@Q/RT)u where Q is an.activation energy f o r  steady 
s t a t e  flow and A,  R ,  and N a re  constants. Extrapolation of these 
results t o  naturally occurring ha l i t e  formation$ indfiate that+Qteadyc 
s t a t e  creep rahes i n  impure hal i te  containing K , Mg can be 
as much as 10 lower a t  20% and 
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‘ 1  * ¶  4 as much as 10 lower a t  2 0 0 O C .  Such data  a re  v i t a l  t o  t he  a c c u r a t e  
pred ic t ion  of the  behavior of high l e v e l  r ad ioac t ive  waste repositories 
constructed i n  impure sa l t .  A paper descr ib ing  these r e s u l t s  is now i n  
press and is t o  be published i n  May, 1986. 

B. Diffus ion  i n  S i l i c a t e  Materials (F. J. Ryerson ,  H. C. Weed, A. J. 
Piwinski i )  

1 )  .Oxygen d i f f u s i o n  i n  o l iv ine .  Oxygen d i f f u s i o n  i n  s i n g l e  c r y s t a l  
San Carlos per idot  has been measured a t  120OOC and 13OO0C a t  oxygen 
f u g a c i t i e s  equivalent  t o  t h e  N i c k e V N i c k e l  Oxide buffer. Diffusion 
a n n e a l s  were performed i n  99% Osenriched CO/C02 gas mixtures. 
Results t o  date can be described by t h e  fol lowing Arrhenius Law, 

D = 5 . 8 ~ 1 0  7 exp (-158,00O/RT) 

-1 where D.fs g iven  i n  cm2 * s The a c t i v a t i o n  e n e r g y ,  158 
Kcal*moL reflects the e f f e c t s  of both inc reas ing  oxygen fugac i ty  
and Sempera tu re ,  and is a p p r o x i m a t e l y  twice as l a r g e  as  t h a t  
measured f o r  g ra in  boundary d i f fus ion  of oxygen i n  po lyc rys t a l l i ne  
o l i v i n e  (Watson, 1986). The apparent a c t i v a t i o n  energy is i n  good 
agreement wi th  tha t  for plast ic  creep i f  a 116 dependence on oxygen 
fugac i ty  I s  assumed. 

D i f f u s i o n  i n  Accessory Minerals. Diffusion c o e f f i c i e n t s  for Sm, 
‘Sr, and Pb i n  f l u o r a p a t i t e  a t  90Oo-125O0C were obtained by measur6 
i n g  expe r imen ta l ly f l induced  d i f f u s i o n a l  uptake p r o f i l e s  t o  these 
e l e m e n t s  i n  t h e  marg ins  of gemequa l i ty  a p a t i t e  c r y s t a l s .  The 
c r y s t a l s  were immersed i n  s y n t h e t i c  melts enriched i n  the trace 
elements of i n t e r e s t  and presaturated i n  apa t i te ,  and the r e s u l t i n g  
d i f f u s i o n  g r a d i e n t s  were c h a r a c t e r i z e d  by e l e c t r o n  microprobe  
ana lys i s .  Except i n  the  case of Pb, the d i f f u s i v i t i e s  d e f i n e  good 
Arrhenius l i n e s  for t h e  r e spec t ive  elements: 

DSm = 2.3 x exp (-52,20O/RT) 

= 412 exp (-100,00O/RT). DSr 

(Diffusion perpendicular t o  and p a r a l l e l  t o  c is measurab ly  d i f -  
f e r e n t  i n  the case of Sr;  the Arrhenius equat ion given above is an 
a v e r a g e  f o r  t h e  two d i r e c t i o n s . )  Results on Pb were e r r a t i c ,  
p r o b a b l y  because extremely Pb-rich melts were used for some of the 
experiments. Data be l i eved  ‘to be r e l i a b l e  d e f i n e  t h e  f o l l o w i n g  
Arrhenius l i n e :  

Dpb = 0.035 exp (F70,000/RT). 
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3) 

Constraints based on closure of natural apatites wi th  respect t o  Pb 
suggest t h a t  the experimental data can be extrapolated, wi th  sizes 
able uncertainty, to  temperatures as low as 550OC. When applied t o  
t h e  ques t ion  of i s o t o p i c  and traceeelement equi l ibra t ion  of 
residual or entrained a p a t i t e s  w i t h  c r u s t a l  melts, the measured 
d i f f u s i v i t i e s  indicate  that 0.05km crystals w i l l  rarely preserve 
the original Pbkisotope characteristics of the source; the same is 
not t rue ,  however, of Sr (and, under some conditions, the REE), 
which may be unaffected a t  c rys t a l  cores d u r i n g  typ ica l  melting 
events. 

Thermodynamics of s i l i ca te  melts. Phase equ i l ib r i a  and spectrok 
scopic data are used t o  develop a simple model for  the interaction 
of various oxide components and molten Si02 .  Network modifying 
oxides, MxO produce nonbridging oxygens thereby depolymerizing t h e  
Si02 networg. The energetics of nonbridging oxygen formation a re  
l e a s t  favorable when the f i e l d  s t rength of the metal cation is 
high. This produces r e l a t i v e l y  s t rong MPO and SiLO+Si b r i d g i n g  
bonds a t  the expense of weaker SiHOF;-M bonds ( D e  Jong e t  a l . ,  1980). 
This relationship is manifested by an increase i n  posi t ive deviar 
t i ons  from ideality with increasing cation f ie ld  strength i n  MxO c'. 
Si02  systems; the a c t i v i t y  coef f ic ien t  of Si02 is i n v e r s e f y  
correlated w i t h  SigOFM bond strength.  Network forming oxides 
(aluminates, phosphates ,  t i t a n a t e s ,  z i r c o n a t e s ,  e t c . )  may 
copolymerize w i t h  the Si02  network. Mixing on the same quasiH 
l a t t i ce  produces solutions which approach idea l i t y .  Deviations 
from ideality i n  such solutions can be linked t o  distortions i n  the 
Si02 network. Discrete anion formers (phosphates, t i t a n a t e s ,  
chromates, zirconates) comp$ex wi th  metal oxides other than Si0 to  
form discrete structural units which do not copolymerize wi th  S$02. 
The Si02 network is esAentially shielded from the h igh  charge 
density ca t ions  i n  such systems and unmixing is common. As a 
r e s u l t ,  the  r e l a t i v e  deviations from ideal i ty  i n  such melts are 
high. It is important t o  recognize that oxides such as P205, Ti02 ,  
and Z r O  may ac t  a s ' e i t h e r  networkRformers or  d i sc re t e  anion 
formers tfependlng upon melt composition, and a re  probably d i s h  
t r l b u t e d  between these two ttsitestt i n  most geologically important 
l i q u i d s .  The l a t t e r  s t r u c t u r a l  ro l e  is favored in more basic 
compositions. 

4) Thermal Constraints on t h e  Emplacement of the Rhyolite Conduit a t  
Inyo Domes, Long Valley Caldera, California.  Emplacement of a 
rhyolite conduit a t  Inyo Domes into granitoid rocks caused a heat- 
ing i n  the country rocks tha t  is recorded by isotopic systems i n  
the constituent minerals. To estimate the magmatic temperature 
prevai l ing d u r i n g  eruption, we have analyzed microcline mineral 
separates from d r i l l  cores of host rock samples adjacent to  the 
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con tac t  by the ''A,/ 39 Ar age spectrum technique. When compared t o  
a ?background'  microcline sample taken far from the  possible therp. 
mal effect of the volcanic  rock, saqgles about 3 and 8 metres. from 
t h e  c o n t a c t  i n d i c a t e  r a d i o g e n i c  A r  losses of 51 and 23 percent 
respec t ive ly .  The age profiles revealed by these e x p e r i m e n t s  are 
character is t ic  of recent  episodic loss and together wi th  A r  d i f f u b  
s i o n  data ( o b t a i n e d  a s  a b y f i p r o d u c t  of t h e  l a b o r a t o r y  gas 
ex t rac t  i o n )  c o n t a i n  an in t eg ra t ed .  temperaturewtime his tory of the 
magmatic event. Using a s o l u t i o n  of the d i f f u s i o n  e q u a t i o n  for a 
t imePdependent  d i f f u s i o n  c o e f f i c i e n t  i n  a plane sheet geometry i n  
conjunct ion w i t h  a conduc t ive  thermal model which describes t h e  
condui t  as a 51 m wide slab, our r e s u l t s  r e q u i r e  an i n i t i a l  condui t  
temperature gf between 950 and 1000°C, c o n s i s t e n t  with p r e l i m i n a r y  

. estimates from mineral  pair thermometry. However, i f  flow through 
the conduit  persisted f o r  times much l o n g e r  t h a n  s e v e r a l  weeks  , 
t h e n  we would be o v e r e s t i m a t i n g  the i n i t i a l  temperature by our 
t reatment  of the problem as an instantaneous i n t r u s i o n .  sample 
t a k e n  from a breccia zone w i t h i n  t h e  c o n d u i t  r e v e a l s  A r  loss 
which is i n d i c a t i v e  of r e l a t i v e l y  s h o r t  r e s i d e n c e  time for t h e  
xeno l i th  i n  the magma. 

C. Electrical Conductivity and Temperature i n  Upper Mant le  ( A .  C. Duba) 
( J o i n t  research with T. J. Shankland a t  LANL) 

The thermoelectric effect S and electrical conduct iv i ty  u i n  the mantle 
m i n e r a l s  o l i v i n e  and pyroxene are b e i n g  measured as  a f u n c t i o n  of 
t empera tu re ,  o r i e n t a t i o n ,  oxygen f u g a c i t y ,  and  i r o n  c o n t e n t .  The 
r e s u l t s  apply  t o  inference  of upper mantle temperatures from electrical 
data. Although there are seismic models t o  e x p l a i n  t h e  low v e l o c i t y  
zone (LVZ) as solidnstate phenomenon not  r e q u i r i n g  pa r t i a l  melting, the 
most w e l l A c o n s t r a i n e d  l a b o r a t o r y  e l e c t r i c a l  measurements  are  more 
c o n s i s t e n t  w i t h  t h e  p a r t i a l  m e l t i n g  hypo thes i s  for the high conduck 
t i v i t y  layer (HCL) apparent ly  associated wi th  the  LVZ. If t h e  LVZ/HCL 
is  n o t  a p a r t i a l  melt l ayer ,  t h e n  m a n t l e  geotherms would be con6 
s iderably lower than previously in fe r r ed  on the basis of a partial  melt 
zone under  e x t e n s i v e  reg ions  of the earth.  Hence, it is necessary t o  
better 'understand e l ec t r i ca l  c o n d u c t i o n  i n  m a n t l e  m i n e r a l s  t o  f i n d  
whether electrical  data are an important c o n s t r a i n t  on the low tempera- 
t u r e  geotherms suggested by so l id  s ta te  explana t ions  of the LVZ. 

To date ,  we have measured t h e r m o e l e c t r i c  e f fec t  c o n c u r r e n t l y  with 
electrical conduct iv i ty  i n  the  three p r i n c i p a l  d i r e c t i o n s  i n  o l i v i n e  
from San Carlos,  Ar izona ,  a t  1 2 O O C  t o  150OOC under con t ro l l ed  oxygen 
fugac i ty .  Although there is l i t t l e  change i n  t h e  a c t i v a t i o n  energy for 
conduction f o r  o l i v i n e ,  S changes 3ign.from p o s i t i v e  t o  negat ive  around 

' 1 4 0 0 O C .  Thus ,  e l e c t r o n  holes as small p o l a r o n s  are t h e  p r o b a b l e  
dominant carriers below 14OOOC; however, the s ign  change i n  S i nd ica t e s  
a change t o  conduct ion  by n e g a t i v e  charge ca r r i e r s  above 1 4 0 O O C  i n  
o l i v i n e .  The i m p o r t a n t  consequence of t h e  s i g n  change i n  S is tha t  
o l i v i n e  is probably a mixed e1ectronic"ionic  conductor over t h i s  
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. *  tgeophysically significant temperature range, thus resolving an old 
controversy in the field. We have concurrently measured thermoelectric 
effect and conductivity in forsterite in all three principal directions 
and under both oxidizing and reducing conditions and find results 
consistent with negative electronic carriers as the conduction 
mechanism. 

D. Attenuation and Dispersion in Partially Saturated Rocks ( J .  G. 
Berryman, B, P. Bonner, R. C., Y. Chin, G. W. Hedstrom, and L. Thigpen) 

The objective of this project is to combine theory and experiment to 
analyze attenuation and dispersion of waves in partially or fully 
saturated rocks over a broad range of frequencies. The techniques 
developed in this work will be applicable to many basic problems in 
energy recovery, particularly hydrocarbon and geothermal exploration 
and resource assessment. The results will also impact code calcula- 
tions for the Nuclear Test Containment Program and waveform analysis 
for the Seismic 'Verification Program. The major accomplishments of 
this project so far include: (1) In collaboration with the Ultrasonics 
Group, Department of Welding Engineering, Ohio State University, we 
have obtained results which suggest that the additional (slow) surface 
wave predicted by the theory of Biot and observed by us in manufactured 
porous materials may also be present in porous rock. We are also 
currently investigating the bulk slow wave in greater detail. (2) 
Recent theoretical efforts have led to a theory of wave propagation in 
partially saturated porous media. The constants in this theory have 
been determined for two models of the relative distribution of the 
liquid and gas in the pore space. These results have also been shown 
to be in good agreement with experiments which have measured wave 
speeds in partially saturated Massilon sandstone. 

\ 

1 

This project utilizes seismic surface waves to map lateral sheark 
velocity variations in the Basin and Range of western United States. 
In addition, surface-wave observations and momentHtensor inversion 
methods are applied to determine source mechanisms and depths of 
earthquakes in selected areas of the Basin and Range and surrounding 
geologic regions. Interpretation of the velocity structures including 
effects of' anisotropy will give insights into the processes controlling 
lithospheric extension of the Basin and Range and into possible flow of 
magma in the crust and upper mantle, Source mechanisms and depths 
along with better structural information will improve knowledge of the 
regional tectonic stress field and provide constraints useful for 
geophysical models of convective hydrothermal systems. 

Our structural investigations have resulted in estimates of the lateral 
variation of shear-velocity structure through the application of stan- 
dard tomographic methods to an extensive dataset of Love- and Rayleigh- 
wave dispersion curves. Significant lateral heterogeneity is found to 
depths of over 80 km, and in some areas there is evidence for 
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' *  shear-wave polarization anisotropy. We have published these rkiblts 
and are following them up with further investigations to confirm struc- 
tures in particular areas of interest. As part of a cooperative study 
under the auspices of this program and the Institute of Geophysics and 
Planetary Physics (IGPP) here at Livermore, a field experiment consistr 
ing of a linear array of 12 three-component sensors about 350 -km in 
length was carried out in northwestern Nevada to record broadband 
seismograms from an explosion at the Nevada Test Site. The data col- 
lected on this experiment is still being processed, but preliminary 
results support the findings from our earlier tomographic studies 
showing high Rayleigh*wave velocities in a 300 km square area encomc 
passing the Carson Sink, a major geologic structure associated with 
putative continental rifting. We have also published in the past year 
our results of studying source mechanisms of seven western United 
States earthquakes, four of which showed PLwave fault plane solutions 
inconsistent with surfacecwave excitation. The discrepancies were 
reconciled in terms of probable errors in the Phwave solutions. For 
events in or on the margins of the Basin and Range, the minimum com- 
pressive stress axis is horizontal and oriented N 850 f 160 W. 

F. Advanced Concepts (R. N. Schock and L. W. Younker) 

Several activities were covered in this area. R. N. Schock and A. Duba 
collaborated with Prof. H. Tuller in the Electrical Engineering 
Department of MIT to analyze experiments on the electrical conductivity 
of olivine, and to plan new experiments to further elucidate conduction 
mechanisms in this mineral. The objective of this work is to under@ 
stand the fundamental point defect structure of silicate minerals since 
it is now believed that point defects are responsible for all of the 
electrical, and most of the physical and acoustic behavior of minerals 
in the lower crust and mantle. 

S. R. Taylor wrote a major review article summarizing the geophysical 
framework of the Appalachian Mountains. The article, contained in LLNL 
report UCRL-94837, is to be published in a GSA Memoir entitled 
tlGeophysical Framework of North America", edited by L. Pakiser and W. 
Mooney . 
L. W. Younker participated in the development of a science plan for a 
Continental Drilling Program at Katmai Volcano, Alaska. 
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Scope of Work 

The Geochemistry Program a t  Lawrence Livermore National Laboratory 
consists of two projects: ( A )  Thermodynamic, Kinetics, and Transport i n  
Aqueous Electrolyte  Solutions, and (B)  Kinetic and Compositional Model of 
HighhPressure Kerogen Pyrolysis. Studies include laboratory measurements 
of diffusion coef f ic ien ts  and activity coefficients for mixed sa l t s ,  and 
development of a model for the conversion of kerogen t o  o i l  and gas over a 
wide range of heating rates,  temperatures and pressures. 

A. Thermodynamics, Kinetics,  and TransEort -- -------- i n  Aqueous -------------- E l e c t r o l y t e  
Solutions (J. A. Rard and D. G. Miller) 

Aqueous transport of dissolved chemical species is important i n  a wide 
var ie ty  of geochemical phenomena.' Geochemical applications include 
radioactive and chemical waste isolation, diagenesis,  ore formation, 
and some mineral c r y s t a l  growth and dissolut ion k ine t ics .  Mutual 
diffusion coefficient data are required understand and model these 
processes. L i t t l e  data of t h i s  t y p  ve been published, and the 
largest portion of accurate data have been measured a t  LLNL. Diffusion 
data a re  now avai lable  for most of the individual brine s a l t s  and for 
several other s a l t s  of diagenetic i n t e r e s t  a t  25OC, b u t  very l i t t l e  
data are available for mixtures or a t  hikher temperatures. 

Osmotic and activity coefficients are required for thermodynamic equi- 
l i b r i u m  c a l c u l a t i o n s ,  including s p e c i a t i o n  i n  solution, reac t ion  
the rmodynamics .  and s o l u b i l i t y  c a l c u l a t i o n s  i n  b r i n e s .  
Activity/osmotic coefficient data are available for many single s a l t s  
i n  water, but such data are unavaila6le or  inadequate n qua l i ty  of 
extent) for many important mixtures. 

We have now completed mut d i f fusion measurements fo r  ten of t h e  
desired twelve compositions of aqueous NaClpSrCl2 a t  25OC. This system 
is of waste isolation interest. Work on aqueous NaCl*MgC12 (sea water 
and its evapori tes)  has been startbd as part of an extensive interna- 
tional collaboration t o  characterize the transport propert ies  of t h i s  
system. O u r  part, among the seven American, Australian, Canadian, and 
German laboratories, is to  determine the mutual diffusion coef f ic ien ts  
for  12  t o  15 compositions and to  determine the ionic Onsager coeffi* 
cients 1 These w i l l  be compared w i t h  a new e l ec t ro ly t e  t h e o r y  of 
Friedmag.' The r e s u l t s  may be' useful i n  predicting d i f fus ion  i n  
geochemical systems. 
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B. 

. f  

Extensive I s o p i e s t i c  a c t i v i t y  experiments have f i n a l l y  been compleke'd 
f o r  aqueous NaClhMgCl a t  2 5 O C ,  and these  data are  p resen t ly  being 
analyzed by P i t z e r  ' s m&hod and by S c a t c h a r d ' s  n e u t r a l  e l e c t r o l y t e  
approach. 

Theoretical work was continued on the theory of d o u b l e  d i f f u s i o n  con- 
vect ion as appl ied  t o  multicomponent d i f fus ion .  

Kine t ic  and Compositional Model of HighCPressure Kerogen P y r o l y s i s  (A .  
K. Burnham and J. J. Sweeney) 

The ob jec t ive  of the work i s  t o  deve lop  a model, a p p l i c a b l e  t o  d i f P  
f e r e n t  t y p e s  of  kerogen ,  of t he  conversion of kerogen t o  o i l  and gas 
t h a t  can be used over a wide range of hea t ing  rates, t empera tu res ,  and 
pressures. We want t o  be able t o  use the model t o  i n t e r p r e t  l abora tory  
and f i e l d  data, such ab RockuEval r e s u l t s ,  and t o  quan t i fy  and p r e d i c t  
t h e  m a t u r a t i o n  s t a t e  of hydrocarbons i n  a geologic  bas in  wi th  a known 
thermal h i s to ry .  The model c a l c u l a t e s  changes  i n  compos i t ion  of t h e  
o i l  and gas f r a c t i o n  w i t h  time and t e m p e r a t u r e .  The compositional 
changes have been used t o  develop i n d i c a t o r s  of hydrocarbon m a t u r i t y  
l e v e l s  which can  be used t o  make p red ic t ions  for comparison w i t h  pub+ 
l i shed  data about p re sen t -day  hydrocarbon compos i t ion  and m a t u r i t y  
l e v e l s  i n  an  o i l  f i e l d .  We used  g e o l o g i c  and geophys ica l  data t o  
determine the timeptemperature h i s t o r y  of t h e  ke rogen- r i ch  (Type I - 
l a c u s t r i n e )  Green River shale i n  the Uinta Basin of Utah. This thermal 
h i s t o r y  was used i n  o u r  chemical k i n e t i c  model t o  c a l c u l a t e  t h e  
hydrocarbon m a t u r i t y  of the shale a t  the present  day and a t  d i f f e r e n t  
depths and loca t ions  i n  the basin.  We were able t o  estimate t h e  t r u e  
m a t u r i t y  of hydroca rbons  recovered  from the basin by using published 
chromatograms and r e s u l t s  of Rock-Eval analyses .  For the deepest par t s  
of the bas in ,  where migration is less l i k e l y ,  our model c a l c u l a t i o n s  of 
maturi ty  agree very well wi th  the estimates of the t r u e  ma tu r i ty .  In  a 
p a r t  of the basin where our c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  source rocks 
are very immature, the recovered o i l  shows a much higher estimated t r u e  
m a t u r i t y ;  t h i s  r e s u l t  is c o n s i s t e n t  w i t h  the theory tha t  the o i l  i n  
t h i s  part of t h e  basin has migrated from elsewhere. These r e s u l t s  show 
t h a t  o u r  p y r o l y s i s  model is v a l i d  when ex t rapola ted  t o  condi t ions  on 
the geologic  s c a l e  and t h a t  i t  can be used  t o  s t u d y  the  d e t a i l s  of 
hydrocarbon c o m p o s i t i o n a l  changes with maturation and sepa ra t e  these 
changes from those due t o  other f a c t o r s  such as migration. 

1 

During t h e  p a s t  y e a r  we have been cont inuously upgrading our model by 
making it easier t o  input  parameters and by c r e a t i n g  the c a p a b i l i t y  t o  
c a l c u l a t e  more p rope r t i e s  that  can be measured i n  the  labora tory .  The 
model can now use timevdependent p r e s s u r e  or  c a l c u l a t e  t h e  g e n e r a t e d  
pressure  i n  a sealed system. It c u r r e n t l y  c a l c u l a t e s  H/C, N/C, and O/C 
ratios i n  the generated o i l  and remaining so l ids ,  parameters related t o  
t h e  biomarker c o n c e n t r a t i o n  of t he  gene ra t ed  o i l ,  and the  Rock-Eva1 
t ransformation ra t io  i n  t h e  absence of gas generat ion.  We w i l l  soon be 
ab le  t o  c a l c u l a t e  t h e  t ransformation r a t i o  and t h e  hydrogen index wi th  
con t r ibu t ions  from t h e  gas phase included. 
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t 
b '  & We have also been making changes i n  the  network of r e a c t i o n s  used  i n  

t h e  model t o  bet ter  a c c o u n t  f o r  gas g e n e r a t i o n  and t h e  e f fec ts  of 
hydrogen pressure. He have included r e a c t i o n s  incorporat ing a two-step 
c o k i n g  process i n  which CH4 and H are released sequent ia l ly .  We now 
can incorpora te  t h e  cracking of C 2 d 4  hydrocarbons t o  methane and allow 
for r e a c t i o n s  of Hp w i t h  char and cokable o i l  t h a t  produce CH4 and 
uncokable o i l ,  respec t ive ly .  We have also devised a means t o  a c c o u n t  
for the dependence of pyro lys i s  stoichiometry hydrogen pressure. 

Other work we have been doing on the model i n v o l v e s  t h e  s t u d y  of ac; 
t i v a t i o n  e n e r g i e s  used  i n  t he  k i n e t i c  e x p r e s s i o n s .  I t  has been 
observed by many workers that  a c t i v a t i o n  energ ies  (E ) for pyrolysis  of 
some kerogens and o i l s  are small compared t o  those egpected from chemifi 
c a l  bonding da ta  and t h a t  t h e  T of RockFEva l  a n a l y s i s  ( t h e  
t e m p e r a t u r e  a t  which o i l  is geneF&d most r ap id ly )  o f t e n  inc reases  
with ma tu r i ty  of the source rock. We are using o u r  model and k i n e t i c  
a n a l y s i s  programs t o  n u m e r i c a l l y  s t u d y  t h e  effect of using a narrow 
d i s t r i b u t i o n  of a c t i v a t i o n  energ ies  i n  these si 

A l l  of t h i s  work is aimed a t  optimizing our a b i l i t y  t o  characterize the 
process of conversion of kerogen t o  o i l  and gas over condi t ions  ranging 
from geologic bas ins  t o  laboratory pyrolysis .  We are i n  the  process of 
obta in ing  kerogen samples of d i f f e r e n t  t y p e s  from d i f f e r e n t  geologic 
b a s i n s  t h a t  have a welleknown thermal history. Eventually we hope t o  
apply our model t o  the a n a l y s i s  of hydrocarbon generat ion and migrat ion 
t o  other e c o n o m i c a l l y  i m p o r t a n t  b a s i n s ,  and d e v e l o p  a g e n e r a l i z e d  
c a l c u l a t i o n a l  method for 'a  wide v a r i e t y  of kerogen types. 
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Scope of Work 

The Continental Scientific Drilling Program at Lawrence Livermore 
National Laboratory has focused on three research drilling efforts: Inyo 
Domes Drilling Project, Salton Sea Shallow Hole program, and the Salton Sea 
Scientific Drilling Project . Additional CSDP related projects include a 
Continental Drilling Program Informatiorl and Data Management service, 
laboratory measurements of viscosity, and electrical conductivity of rock 
melts, and seismic studies. of possible magma. re-lated features in the Long 
Valley region. 

A. Continental Drilling Program Information and Data Management Unit ( G .  
Pawloski 

The extremely high cost of drilling makes it crucial that the geologic 
community be kept informed of the availability of drill holes and the 
data obtained from them. Numerous government agencies, research 
groups, and industry firms have drilled holes for a variety of scienb 
tific purposes. In some cases, information has been disseminated on 
the availability of these holes for research purposes, and cooperative 
programs have been initiated between a number of academic, government, 
and industrial groups. More often,' however, this information has not 
been disseminated, and interested researchers have been unaware of the 
availability of these drill holes until it is too late to participate 
effectively, or monies are spent drilling an unnecessary new hole. An 
information system has been established to avoid this problem. The 
efforts of a Continental Scientific Drilling Program (CSDP) can be 
expedited, unnecessary expenditures limited, and maximum effectiveness 
attained by (1) utilization of pre-existing information; (2) reopening 
of abandoned holes; ( 3 )  participation tn current industry drilling 
tests; and (4) participation in the drilling and study of future wells. 

LLNL has developed a computerized data base, with software for plotting 
maps, for drill hole data acquired from research proJects, and is 
providing information to the scientific community on plans and drilling 
activities when requested. This year, effoPt*was also devoted to the 
expansion of a separate computer file of information on drill holes 
which reached basement rock in the U.S. This file is the only such 
source of this information since a list was produced by the AAPG 
Exploration Committee in 1969. Our file was assembled because of many 
requests from'researchers about information on depth to basement in the 
U.S. 
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LLNL has also established, using TERRASTATION, a site specific data 
base for the Salton Sea Geothermal Area, the location of a CSDP dediu 
cated drill hole. The data base contains information on 18 wells in 
the Salton Sea Geothermal Area near the dedicated well. The computer 
system, with the data base, was located at the well site throughout the 
drilling period. Geophysical log data was read into the system off of 
field tapes soon after logs were run. This allowed timely predictions 
ahead of drilling using data from drill holes located in the area, and 
correlations of data from the new drill hole to existing drill holes. 
Geophysical and lithologic data was stored and processed owsite to 
infer information about the wells. LLNL is currently assisting the 
USGS in producing a data report on this dedicated drill hole, using 
output from the TERRASTATION. 

The rheological behavior of magmatic systems has a large influence on 
their ability to transfer beat and mass, both above and below the 
liquidus. Though much information is available about the viscous 
behavior of superliquidus magmas as a function of composition and 
temperature, little is known about the rheology of subliquidus systems. 
The goal of this program is to determine how rheological behavior is 
affected by bulk rock compositions, residual liquid composition, the 
volume of suspended crystals, and the temperature. In order to do 
this, we are combining the results of onegatmosphere phase equilibria 
and experimental viscometry. The amount and type of crystalline phases 
present and the composition of the residual liquid can be determined as 
a function of temperature from the results of the phase equilibria. 
These characteristics of the system can then be correlated with the 
results from viscosity measurements. 

Viscosity measurements ar usually performed by fixing the temperature, 
and then determining the torque produced while shearing the sample at 
various fixed rotational speeds. We have now automated the viscometer 
so that the rotational speed and temperature can be either fixed or 
else continuously varied as a function of time. The result is a digis 
tal or graphic record of temperature, torque, and rotational speed as 
functions of time. 

We are using the automated viscomete to determine the rheological 
behavior of a calc-alkaline basalt from Medicine Lake Highlands. Under 
continuously varied rotational speed at constant temperature, the 
basalt behaves as a nongNewtonian, pseudoplastic system. At 121OOC it 
is about 8 times more viscous than a tholeiitic basalt from Kilauea 
Iki, which we have already found to be pseudoplastic. This is atk 
tributed to the higher tration of aluminum in the Medicine Lake 
system. 

In addition to determining the rheological behavior of the basalt, we 
are installing a new operating system in the viscometer computer to 
increase its efficiency. This offers a substantial improvement in our 
capabilities for data reduction and modeling of the results. 
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Seismic S tud ie s  of Possible Magma I n j e c t i o n  and Magma Chambers in' (he 
Lorig Valley'Region (J.' J. Zucca, N. R. Burkhard, and A u  T. Smith) 

Resurgent Dome Area 

Lawrence Livermore National Laboratory (LLNL) deployed a smail network 
of 14, threeccomponent, d i g i t a l  seismographs during August 1982 i n  t h e  
Mono'Craters area which is located j u s t  no r th  of Long Valley Caldera. 
The network recorded a number of small earthquakes located t o  the  south  
of Long Va l l ey .  One e v e n t  shows a clear a r r i v a l  between the  P and S 

--phases which appears t o  be a ref lected phase t h a t  other researchers 
have observed i n  the Long Valley area. The r e f l e c t e d  phase follows the  
P a r r i v a l  b y - a p p r o x i m a t e l y  4.3 sec. The a p p a r e n t  v e l o c i t y  of t he  
re f lec ted  a r r i v a l  is a p p r o x i m a t e l y  7.0 k m / s e c  and p a r t i c l e  motions 
I n d i c a t e  t h a t  t h e  r e f l e c t i o n  a r r i v e s  a t  t h e  s u r f a c e  as a P wave. 
T r a v e l  time and a m p l i t u d e  model ing of the  P ,  S and reflected waves 
suggests t ha t  the  reflected a r r i v a l  is a P t o  P r e f l e c t i o n  from t h e  
base of a l o w h v e l o c i t y  l aye r  (LVL). The layer is approximately 16 km 
th i ck  and has a ve loc i ty  c o n t r a s t  of 20% with the  basement-socks.  The 
base of t h e  LVL a p p a r e n t l y  c o n s i s t s  of h i g h a v e l o c i t y  (7.0 km/sec) 
material. A zone of par t ia l  g r a n i t i c  melt floored by ponded b a s a l t s  or 
ma,fic,  c u m u l a t e  r o c k s  c o u l d  a c c o u n t  f o r  t h e  computed v e l o c i t y  

- s t ruc tu re .  

Western Moat - Inyo Dome Area 

The Inyo Domes i n  the Long Valley Caldera are a l i n e  of r h y o l i t e  domes 
and associated phreatic craters produced approximately 600 yea r s  ago. 
A con t inuous  d i k e  between the  domes and t h e  e x p l o s i o n  craters  was 
p o s t u l a t e d  based on the mapping of surface f e a t u r e s  running from south  
of Deer Mountain northward t o  Obsidian Dome. Through t h i s  area, t h e  
d i k e  t r e n d  is marked by g r a b e n s  and e x t e n s i o n a l  cracks seen on the 
surface. Corehole RDOp3A, d r i l l e d  i n t o  a d i k e  j u s t  s o u t h  of O b s i d i a n  
Dome, encoun te red  a broad (>lo0 m wide )  zone of h e a v i l y  fractured 
g r a n i t e  around the in t rus ion .  Models of t h e  mechanics of i n t r u s i o n  of 
t h i s  d i k e  and i ts  r e l a t i o n  t o  the r eg iona l  stress f i e l d  make predic" 
t i o n s  about the geometry of these f e a t u r e s ,  and t h e i r  c h a n g e s  w i t h  
dep th .  Two seismic r e f l e c t i o n  surveys were sho t  September 27~29, 1985 
cross ing  the t rend  of the d i k e  no r th  and south of Obsidian Dome. These 
s u r v e y s  were d e s i g n e d  for two purposes: ( 1 )  t o  determine i f  the d i k e  
can be detected wi th  a su r face  seismic r e f l e c t i o n  technique, and (2) to  
i d e n t i f y  s t r u c t u r a l  f e a t u r e s  associated with the i n t r u s i v e  process. 
The eastrwest CDP l i n e s  wi th  up t o  30 fold coverage and 55 foot g roup  
s p a c i n g s  were co l l ec t ed  by Petty-rRay Geophysical shoot ing 1 1/2 pounds 
of e x p l o s i v e s  i n  a u g e r  holes .  P r e l i m i n a r y  p r o c e s s i n g  shows three 
r e s u l t s :  clear r e f l e c t i o n s  from the volcanic  s e c t i o n  above the S i e r r a n  
Grani te ,  a buried 460 m wide graben no r th  of Obsid ian  Dome similar t o  
t h a t  mapped on t h e  s u r f a c e  i n  the southern po r t ion  of the chain,  and 
loca l i zed  r e f l e c t i o n s  within the S i e r r a n  G r a n i t e  ( 1'2.5 secs twobway 
time). These loca l i zed  r e f l e c t i o n s  may come from the i n t r u s l o n  or from 
dis turbed  zones produced during in t rus ion .  
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D. Shallow Hole Investigations of Long Valley, Valles, and Salton Sea 
Thermal Regimes (L. W. Younker, P. W. Kasameyer, R. . L e  Newmark,. and N. 
R. Burkhard) (Cooperative program with SNL, LANL, and LBL) 

Salton Sea Shallow Hole Program 

Analyses of thermal and lithologic data from indus t r ia l  d r i l l h o l e s  i n  
the Salton Sea Geothermal Field (SSGF) has led t o  conflicting models 
for the na tura l  c i r cu la t ion  pat terns  i n  t h a t  hydrothermal system. 
These models agree on ultimate source of heat, on a young age for the 
present hydrothermal system, and on the general r o l e  t h a t  geochemical 
a l t e r a t i o n  plays in controlling permeability. However, they differ i n  
several  important areas:  the degree of loca l iza t ion  of t h e  hea t  
sou rce ,  t h e  d i r e c t i o n  of r echa rge ,  t he  r e l a t i v e  importance of 
thermallyfidriven and compositionally~driven convection, and the amount 
of v e r t i c a l  flow throughout the system. A l l  models reproduce the 
uniformly high temperatures and geochemistry seen i n  the center of the 
f i e l d ,  b u t  predict  s i g n i f  icant  differences near the periphery and a t  
greater depths i n  the field. 

Resolution of these uncertainties has been limited by the difficulty of 
collecting thermal data under the Salton Sea, which covers a large part 
of t h e  a rea  of i n t e r e s t .  Analyses of data released by a geothermal 
operator i n  the area (KeMeCOtt) led u s  to  the following conclusions: 

1. The data from 250 foot holes w i l l  a uately represent the thermal 
regime i n  the "capn of the geothermal f i e l d .  Our previous ex- 
perience w i t h  deeper holes on land w i l l  enable us  to extrapolate 
these temperatures to  depths of 2~3000 feet. 

2. The offshore g i e n t s  a r e  considerably lower than the ear l ier  

3. Contours Indicate t h a t  the anomaly Is probably centered over the 

I n  order t o  co l l ec t  data i n  the  unexplored offshore area, a8 part of 
the ShallowdHole Ini t ia t ive,  a .heat flow survey w i t h  d r i l l f iho les  ap4 
proximately 250 f e e t  i n  depth was undertaken i n  the f a l l  of 1985. 
During November and December, 1985, nineteen holes were d r i l l e d  250 f t .  
below lake l eve l  offshore i n  the region north of the volcanic domes 
which l i e  along the southern short  of the Salton Sea. Temperatures 
have been logged per iodical ly  in  each hole and w i l l  continue t o  be 
logged up t o  about three months af ter  d r i l l i n g  t o  ensure that  temperar 
tures have reached"equil1brfum. Natural gamma logs were run i n  several 
of the holes, short (3 f t , )  cores were obtained from the bottom of four 
holes and cu t t ings  were col lected i n  a l l  holes every ten feet  when 
possible. Thermal conductivities a re  being measured on a number of 
core and cu t t i ng  samples which represent the range of l i thologies  
encountered. Particlpatfng scient is ts  from organizations outside t h e  
nat ional  laboratories are conducting studies of the recovered material 
including analysis of the degree of a l t e r a t ion  through s t u d y  of both 
the pore f l u i d s  and solids and measurements of the  bulk helium content. 

gradients meas i n  the upper 6 feet  of sediments. 

Salton Buttes. 



* *  
Thermal g r a d i e n t s  o v e r  t h e  lower 150 f t .  range from about .09°C/m t o  
over .92OC/m. Thermal conduc t iv i t i e s  measured on samples w i t h i n  h o u r s  
a f t e r  d r i l l i n g  range from about .4 W/mk t o  over 1.3 W/mk, Preliminary 
r e s u l t s  i n d i c a t e  a pronounced asymmetry of t h e  h i g h  t e m p e r a t u r e  
r e s o u r c e  r e l a t i v e  t o  t h e  c h a i n  of v o l c a n i c  b u t t e s .  These r e s u l t s  
provide v a l u a b l e  c o n s t r a i n t s  on t h e  s i z e  and shape of t h e  thermal 
anomaly and t h e  t r a n s i t i o n  zone. We a n t i c i p a t e  that these data w i l l  
allow us  t o  r e f i n e  our models of the hydrothermal system a t  t h e  S a l t o n  
Sea Geothermal F ie ld ,  

The Research D r i l l i n g  Office a t  Sandia has been t h e  operator  f o r  t h i s  
expe r imen t ,  and a lso provided the personnel and system for  temperature 
logging. A t  p resent ,  we are still c o l l e c t i n g  data and have  begun t h e  
process of a n a l y s i s  and in t e rp re t a t ion .  

Inyo Domes D r i l l i n g  ( J o i n t  Research wi th  SNL and MSU) 

The three research holes cored i n t o  t h e  Inyo Domes chain of 600-year- 
o l d  r h y o l i t e  v o l c a n o e s  h a v e  p r o v i d e d  c o n t i n u o u s  s a m p l e s  a n d  
o b s e r v a t i o n s  i n  n e a r  and f a r  v e n t  s e c t i o n s  through the  l a r g e s t  l ava  
dome, the condui t  of the dome, and the feeder d i k e  between domes, The 
s u i t e  t h u s  includes samples cooled a t  time scales ranging from seconds 
t o  t e n s  of years and emplaced under loads ranging from 1 t o  200 bars .  
The pr ime o b j e c t i v e  of t h e  thermal model ing w o r k  is t o  deve lop  a 
detailed d e s c r i p t i o n  of t he  thermal e v o l u t i o n  of t he  Inyo  magma i n  
these f o u r  l o c a t i o n s  a l ready  sampled and i n  l o c a t i o n s  wi th in  the calw 
dera as sampled by the proposed d r i l l i n g  program, u s i n g  c o n s t r a i n t s  
p rov ided  by t h e  d r i l l i n g ,  g e o p h y s i c a l  surveys ,  surface mapping, and 
geochemical s t u d i e s  on the core. This thermal h i s t o r y  w i l l  be combined 
w i t h  r e s u l t s  from a n  a n a l y s i s  of the core t o  develop an o v e r a l l  com- 
bined thermal/crystallization/degassing model f o r  t h e  Inyo  e v e n t ,  
U l t i m a t e l y ,  t h e  combined v a l i d i t y  of the model w i l l  be tested i n  ex+ 
periments using c a l c u l a t e d  c o o l i n g  h i s to r i e s  and a p p r o p r i a t e  water 
c o n t e n t s .  The experiments w i l l  be run t o  see whether t h e  w i d e l y  varyb 
ing c r y s t a l l i z a t i o n  behavior observed throughout t h e  magma sys tem can  
be dup l i ca t ed .  

I n i t i a l  modeling w i l l  be based on observa t ions  from t h e  thermal ly  and 
g e o l o g i c a l l y  simple nor thern  part of the chain.  The hole proposed for 
FY87 w i l l  allow observa t ions  i n  the more complex s e t t i n g  of t h e  Long 
V a l l e y  Caldera. A similar modeling approach w i l l  be appl ied  t o  Obsere 
v a t i o n s  from t h e  caldera hole.  From t h e  s t a n d p o i n t  o f  t h e r m a l  
e v o l u t i o n ,  chief d i f f e r e n c e s  i n s i d e  t he  caldera  i n c l u d e :  1 )  the 
p o s s i b i l i t y  t ha t  the d i k e  is l a r g e r  and/or  closer t o  t h e  s u r f a c e ,  2 )  
t h e  d i k e  was emplaced i n t o  a p r e C e x i s t i n g  l o n g - l i v e d  hydrothermal  
system, and 3 )  the heat t r a n s f e r  regime surrounding t h e  i n t r u s i o n  was 
dominated by c o n v e c t i o n .  Combined and c o m p a r a t i v e  a n a l y s i s  of the 
thermal evolu t ion  of the Inyo d i k e  i n  these two c o n t r a s t i n g  e n v i r o n -  
ments  w i l l  enable  u s  t o  test e x i s t i n g  thermal modeling c a p a b i l i t i e s  as 

i n  these wel l rdef ined  environments. Estimates of the thermal s ta te  of 
t h e  Inyo  d i k e  w i l l ,  i n  a d d i t i o n ,  a l so  allow u s  t o  assess t h e  sig- 
n i f i cance  of its con t r ibu t ion  t o  the o v e r a l l  caldera thermal budget. 

well as assess the s ign i f i cance  of s e v e r a l  widely used geothermometers 
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E. S a l t o n  Sea S c i e n t i f i c  D r i l l i n g  Program Science Management A c t i v i t i e s  
(A.  G. Duba, P. W. Kasameyer, and L. W. Younker) 

We have participated i n  the planning and execution of a l l  phases of the 
SSSDP over the p a s t  year. The wel l  was completed t o  10,564 fee t  on 
March 1 7 ,  1986. The post d r i l l i n g  sc ience  phase a t  the SSSDP s i te  was 
completed on March 31, 1986, with the  exception of temperature measure& 
ments  which w i l l  cont inue for approximately s i x  months. The SSSDP has 
produced over 700 feet of core, c u t t i n g s  from most of t h e  wel l  a t  10  
foot i n t e r v a l s ,  commercial l o g s  as well as USGS logs ,  and f l u i d s  from 2 
depths.  A prel iminary report on the r e s u l t s  of t h e  program is b e i n g  
planned for the  Geothermal Resources Council Meeting t o  be held i n  Palm 
Springs,  September 29, 1986 - October 1 ,  1986, 

F. SSSDP: C o n s t r a i n t s  from Borehole Gravity on Geothermal System Models 
and Resource D e f i n i t i o n  f o r  t h e  S a l t o n  Sea Geothermal  F i e l d  (J .  R.  
Hearst, P. W. Kasameyer, and L. W. Younker) 

A commercial borehole gravimeter ' w i l l  be modified and tested t o  su rv ive  
t e m p e r a t u r e s  up t o  2 5 0 O C .  Gravimetr ic  data w i l l  be collected i n  the  
SSSDP deep hole i n  the Sa l ton  Trough t o  t h e  d e p t h  allowed by c o o l i n g  
t h e  hole .  The o b s e r v e d  data w i l l  be compared t o  information from a 
dens i ty  log t o  estimate the properties Of s t r u c t u r e s  hundreds of meters 
from t h e  borehole. This experiment w i l l  demonstrate the usefu lness  of 
borehole g r a v i t y  i n  a geothermal environment, and p r o v i d e  i n f o r m a t i o n  
r e g a r d i n g  the  lateral  ex ten t  and shape of the dense "metamorphic zone" 
(of Randall) .  - The details  of the l a t e ra l  t e r m i n u s  of t h i s  zone have  
s t r o n g  i m p l i c a t i o n s  f o r  d i f f e r e n t  models  of t h e  e v o l u t i o n  of t he  
hydrothermal system i n  the Sa l ton  Sea Geothermal F ie ld .  

G. SSSDP: Phys ica l  and Chemical Laboratory S t u d i e s  of Cores from the  
Sa l ton  Sea S c i e n t i f i c  D r i l l i n g  Project (W. D. Dai ly  and W. Lin) 

We p r e s e n t l y  have  t h e  un ique  c a p a b i l i t y  t o  measure electrical resisi 
t i v i t y ,  compressional wave v e l o c i t y ,  f l u i d  p e r m e a b i l i t y ,  and f l u i d  
chemistry simultaneously on a rock sample under i n  s i t u  condi t ions  t o  8 
km d e p t h  and t e m p e r a t u r e s  up t o  200OC.  We propose  t o  e x t e n d  t h i s  
c a p a b i l i t y  t o  3 O O O C  and s t u d y  the behavior of samples from the SSSDP 
d r i l l  hole under i n  s i t u  c o n d i t i o n s .  The e x p e r i m e n t s  w i l l  p r o v i d e  
i n s i g h t  i n t o  t h e  i n t e r p r e t a t i o n  of well log and surface geophysical 
data, understanding of water t r a n s p o r t  mechanisms, ' i n t e r p r e t a t i o n  of 
f l o w  tests,  a n d  t h e  e x t r a p o l a t i o n  of p r o p e r t i e s  measured i n  t h e  
borehole t o  greater depths.  

Undergound Imaging (W. D. Daily, and J. G. Berryman) 

The t h r u s t  of the underground imaging e f f o r t  is development  of data 
c o l l e c t i o n  methods, data processing procedures,  i n t eg ra t ed  data i n t e r e  
p r e t a t i o n  techniques,  and enhanced means of data p resen ta t ion  i n  order  
t o  cha rac t e r i ze  the subsurface environment. Our work involves developH 
i n g  improved  l a b o r a t o r y  a n d  f i e l d  i n s t r u m e n t a t i o n ,  a c q u i r i n g  
fundamental data on the properties of materials under var ied  condi t ions  
i n  the  laboratory, and improving the  o v e r a l l  data i n t e r p r e t a t i o n  

H. 



process. The results of this project will benefit many DOE programs 
including nuclear waste emplacement and monitoring, test ban verificap 
tion through onesite inspection and cavity detection, enhanced oil 
recovery, and basic research through imaging the detailed flow patterns 
of fluids in fractured rocks. A vigorous program is in progress to 
continue development of computed impedance tomography (CIT) for 
geophysical applications: ( 1 )  Recent progress in field applications 
has included 'a comprehansive study of electromagnetic probing of the 
layered earth. For cross+borehole work, two 2gD computer codes have 
been written to do forward modeling of apparent resistivity for various 
electrode configurations. We have found several crosshborehole probing 
configurations which are more than an order of magnitude more sensitive 
to a conductive anomaly than that of conventional probing 
configurations. (2) In the laboratory, an automated data acquisition 
system has been built. ( 3 )  A method of displaying the CIT data as a 
function of time'via video tape is currently being implemented and will 
become available for use in the near future. (4) Work has also been 
initiated to develop new, more quantitative algorithms for interpreting 
the labOratQry CIT data. 

i 
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A. Elec t r ica l  C o n d u c t i v i t y ,  Temperature, and Radiat ive Transport  i n  the  
Earth (T. J. Shankland ,  j o i n t  research w i t h  A. G. Duba, Lawrence 

ivermore Nat ional  Laboratory) . 

he thermoelectric effect S and e l e c t r i c a l  c o n d u c t i v i t y  i n  t h e  man t l e  
m i n e r a l s  o l i v i n e  and pyroxene are b e i n g  measured as a f u n c t i o n  of 
t empera tu re ,  o r i e n t a t i o n ,  oxygen f u g a c i t y ,  a n d - i r o n  c o n t e n t .  The 
r e s u l t s  apply  t o  inference of upper mantle temperatures from electrical 
data. Although there are seismic models t o  e x p l a i n  t h e  low v e l o c i t y  
zone (LVZ) as solidwstate phenomenon not  r equ i r ing  partial  melting, the 
most w e l l b c o n s t r a i n e d  l a b o r a t o r y  e l e c t r i c a l  measurements are  more 
c o n s i s t e n t  w i th  t h e  p a r t i a l  m e l t i n g  hypothesis for the high conduc.. 
t i v i t y  layer (HCL) apparent ly  assoc ia ted  wi th  the LVZ. If t h e  LVZ/HCL 
is  n o t  a p a r t i a l  melt l a y e r ,  t h e n  m a n t l e  geotherms would be con- 
s iderably lower than  previously in fe r r ed  on t h e  basis of a partial  melt 
zone under  e x t e n s i v e  reg ions  of the earth. Hence, it is necessary t o  
better understand e l ec t r i ca l  c o n d u c t i o n  i n  m a n t l e  m i n e r a l s  t o  r i n d  
whether electrical  data are an  important c o n s t r a i n t  on low temperature 
geotherms suggested by so l id  state explanat ions of the LVZ. 

To date ,  we have  measured thermoelectric e f f ec t  c o n c u r r e n t l y  wi th  
e l ec t r i ca l  c o n d u c t i v i t y ,  u, i n  t h e  three p r i n c i p a l  d i r e c t i o n s  i n  
o l i v i n e  from San Carlos, Arizona, a t  1200O t o  150OOC under con t ro l l ed  
oxygen fugac i ty .  

Although there is l i t t l e  chanee i n  the a c t i v a t i o n  energy for conduction 
for o l i v i n e ,  S changes sign from p o s i t i v e  t o  n e g a t i v e  a round 1 4 O O O C .  
Thus, e l e c t r o n  holes as small polarons are the probable dominant car- 
riers below 14OO0C; however, the sign change i n  S i nd ica t e s  a change t o  
c o n d u c t i o n  by n e g a t i v e  charge carriers above 1400°C i n  o l i v i n e .  The 
important consequence of the  s i g n  change i n  S is tha t  o l i v i n e  is  probk 
a b l y  a mixed  e l e c t r o n i c k i o n i c  conduc to r  o v e r  t h i s  geophys ica l ly  
s i g n i f i c a n t  temperature range,  thus  reso lv ing  as old controversy i n  the  
f i e ld .  We have concurren t ly  measured thermoelectric effect and conduw 
t i v i t y  i n  forsterite i n  a l l  three p r i n c i p a l  d i r e c t i o n s  'and under  b o t h  
o x i d i z i n g  and r e d u c i n g  c o n d i t i o n s  and f i n d  r e s u l t s  cons i s t en t  wi th  
nega t ive  e l e c t r o n i c  carriers as the  conduction mechanism. 

From r a d i a t i v e  heat t r a n s p o r t  c a l c u l a t i o n s  for s i l i c i c  magmas, we i n f e r  
that  these materials are among t h e  most h i g h l y  the rma l ly  c o n d u c t i v e  
materials i n  the ear th ,  a matter of some consequence for those s tudying 
evolu t ion  of s i l i c i c  magma chambers. Resul t s  of both the  electrical 
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and optical  research efforts he lp  determine t empera tu re  d i s t r i b u t i o n s  
i n  t h e  c r u s t  and upper  mantle. Because temperature d i f f e rences  d r i v e  
t e c t o n i c  mot ions  on t h e  ear th ' s  s u r f a c e  a n d  i n t e r i o r ,  i m p r o v e d  
knowledge of thermal p a t t e r n s  is a requirement f o r  eva lua t ing  seismic 
and v o l c a n i c  h a z a r d s  t o  waste i s o l a t i o n  a n d  power p l a n t  s i t e s .  
F u r t h e r ,  l o c a t i n g  h igh  t e m p e r a t u r e s  is an  e s s e n t i a l  f o r  r e g i o n a l  
geothermal prospecting. The r e s u l t s  should c lar i fy  o u r  u n d e r s t a n d i n g  
of t h e  r e g i o n a l  geophysics  needed for Continental  S c i e n t i f i c  D r i l l i n g  
s i t e  s e l e c t i o n ,  and for nuclear  event de t ec t ion  and d iscr imina t ion .  

B. Nonl inear  Genera t ion  of Acoustic Beams (T.  J. Shankland and J. N. 
Albright)  

We are using t h e  nonl inear  elastic p rope r t i e s  of rocks t o  generate  low- 
frequency, long5wavelength acous t i c  beams i n  analogy w i t h  t h e  case i n  
laser op t i c s .  Two narrow beams of high+frequency sound can i n t e r a c t  i n  
a nonl inear  medium t o  produce a narrow beam a t  t h e i r  much l o w e r . d i f +  
f e r e n c e  f r equency .  The lower  frequency beam has the  narrow width of 
the  generat ing beams, but  it can t r a v e l  much farther because  of lower 
a t t e n u a t i o n .  Such a narrow beam would permit examination of acous t i c  
i n t e r f a c e s  from mine i n t e r i o r s  and wellbores without the ambigui t ies  of 
c o n v e n t i o n a l  s e i smology  t h a t  u s e  u n d i r e c t e d  s o u r c e s ,  f o r  example, 
t ransducers  o r  explos ives  t ha t  broadcast energy i n  an almost s p h e r i c a l  
pa t te rn .  Should beam formation prove poss ib le ,  there would be numerous 
app l i ca t ions  t o  problems such as mapping f r a c t u r e s ,  t h e  b o u n d a r i e s  of 
ore and coal bodies ,  burn  f ron t s  i n  underground retorts,  and f l u i d  
loca t ions  i n  o i l ,  gas ,  and geothermal r e se rvo i r s .  O f  more i n t e r e s t  t o  
b a s i c  research i n  rock p h y s i c s  is t h e  i n v e s t i g a t i o n  of n o n l i n e a r  
p rope r t i e s  of rocks and frequency dependence of e las t ic  proper t ies .  

Non l inea r  a c o u s t i c  beams have previously been observed i n  homogeneous 
materials and f l u i d s ;  however, rocks have t h e  advantage of much g r e a t e r  
n o n l i n e a r  c o e f f i c i e n t s  owing t o  the s t rong  effect of crack closure on 
elastic p r o p e r t i e s .  I n  p r e l i m i n a r y  r e s u l t s  we o b s e r v e d  d i f f e r e n c e  
f r equency  generat ion from v i b r o s e l s  t ransducers  opera t ing  i n  the  f i e l d  
and from p i e z o e l e c t r i c  t r a n s d u c e r s  on l a b o r a t o r y  spec imens  a t  h igh  
f r e q u e n c i e s .  I n  t he  l a b o r a t o r y ,  we have shown tha t  the i n t e n s i t y  of 
the d i f f e rence  beam is propor t iona l  t o  t h e  p r o d u c t  of i n t e n s i t i e s  of 
the d r iv ing  beams as predic ted  by theory.  

The d e f i n i t i v e  w o r k ,  which has  allowed u s  t o  d i s c r i m i n a t e  between 
d i f f e r e n c e  beams genera ted  wi th in  the rock specimen and spurious s igL 
n a l s  generated i n  other experimental  components such as t r a n s d u c e r s  or  
e l e c t r o n i c s ,  has  come from o b s e r v a t i o n s  of t h e  g e n e r a l  case of two 
d r iv ing  beams i n t e r s e c t i n g  a t  a r b i t r a r y  angles  t o  produce a d i f f e r e n c e  
beam a t  a s t i l l  d i f f e r e n t  a n g l e .  I n  t h i s  case we have been able t o  
v e r i f y  t h e  s e l e c t i o n  r u l e s  t h a t  govern  these  a n g l e s  when s a m p l e  
v e l o c i t i e s  and frequency r a t i o n s  are spec i f i ed .  

C. Creep Deformation of Rock (J. D. Blacic) 

Assurance of longhterm i s o l a t i o n  of nuclear  wastes i n  mined c a v i t i e s  i n  
hard rock r e q u i r e s  knowledge of timecdependent s t r e n g t h  and t r a n s p o r t  
p rope r t i e s  of these rocks. Normal, shortktime engineer ing tests do not  
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encompass t h e  f u l l  e f fec ts  of phenomena such  a s  water-aided stress 
corros ion  and hydrolyt ic  weakening. Therefore, we study creep deforman 
t i o n  of .basa l t ,  g r a n i t e ,  and t u f f  a t  simulated i n  s i t u  condi t ions  of 
t e m p e r a t u r e ,  pres5;ure ,  pore p r e s s u r e ,  a n d  d i f f e r . e n t i a 1  stress. 
Emphasis is p l a c e d  on e v a l u a t i n g  e f fec ts  of water on timegdependent 
b r i t t l e  deformation of i n t a c t  vs. f rac tured  samples and t h e  e f f ec t  of 
c reep  on f l u i d  permeabili ty.  Resul t s  of' t h e  experiments w i l l  be formu? 
la ted  i n t o  creep c o n s t i t u t i v e  r e l a t i o n s  . i n  a form a m e n a b l e  t o  
p red ic t ive  computer models of r epos i to ry  designs.  

-- 

Pore+Size Di s t r ibu t ion  from NMR Measurements (J. A. Brown and L. F. 
Brown). . .  
T h i s  s t u d y  c o n c e r n s  the. ' .use of n u c l e a r .  magne t i c  resonance (NMR) t o  
characterize the  i n t e r n a l  pore s t r u c t u r e  of porous s o l i d s .  There are 
three goals  t o  t h i s  i n v e s t l g a t i o n .  The first is the  development of 
t h i s  new method for measuring the  p q r e r s i z e  d i s t r i b u t i o n s ;  t h e  techg 
n i q u e  i n  t h e o r y  w i l l  measure a d i f f e r e n t  property of the indiv idua l  
pores (vo lume/ su r faoe  r a t l o )  t h a n  is b e i n g  de te rmined  by c u r r e n t  
methods. The s e c o n d $ g o a l  . i s  the use of t h i s  technique t o  see how t h e  
newly measu rab le  aspects of the  pore s t r u c t u r e  a f f e c t  t h e  g r o s s  
propert ies  of porous  materials. I n  order t o  be c e r t a i n  of what is 
being measured by th t s . t echn ique ,  there must be an advance i n  knowledge 
of the basic f l u i d e s u r f a c e  i n t e r a c t i b n s  that  are respons ib le  for the 
NMR s igna l s .  The t h i r d  g o a l  is t h e  acqu i s i t i ons  of t h i s  i n c r e a s e d  
knowledge. 

An e s s e n t i a l  element i n  e loping t h i s  method i s  devis ing  a method for 
i n v e r t i n g  the f i r s t k k i n d  Fredholm i n t e g r a l  equat ion associated wi th  the 
technique. During the year, ex tens ive  numerical model ing was carried 
o u t  u s i n g  b o t h  computer3gener .a teb and l abora to ry  data. I n  previous 
years  we had chosen r e g u l a r i z a t i o n  as t h e  .most p romis ing  approach t o  
inve r t ing  t h e  equat ion and had repor ted  that an unusual kind of d i s t o r e  
t i o n  of the  r e s u l t  appeared when so lv ing  our equa t ion .  T h i s  year, w e  
found t h a t  t h i s  ' d i s t o r t i o n  was caused by error i n  the data. We also 
developed a c r i t e r i o n  that  enabled us  t o  place v e r y  nar row upper  and 
lower bounds on the  s o l u t i o n .  These bounds were s u f f i c i e n t l y  close 
t h a t  anywhere wi th in  them t h e ' s o l u t i o n  was deemed acceptable. Thus we 
now have  a method f o r  i n v e r t i n g  t h e  Fredholm equat ion associated wi th  
acqui r ing  pore s t r u c t u r e s  using NMR methods. 

- I  

(N. Marusak and C. W. Myers) 

A major aspect of subsurface geologic - i n t e r p r e t a t i o n  is the compar ison  
and c o r r e l a t i o n  of g e o p h y s i c a l  l o g s  .by e x p e r t  g e o s c i e n t i s t s .  This 
research p r o j e c t  proposed t o  create an exper t  system by a p p l y i n g  p a t @  
t e r n  matching techniques.developed i n  speech recogni t ion  technology t o  
geophysical log a n a l y s i s  or comparison. 

The first part  of the project involved extended d iscuss ions  between t h e  
domain e x p e r t  ( g e o s c i e n t i s t )  a n d  knowledge  e n g i n e e r  ( c o m p u t e r  
s c i e n t i s t )  t o  e v a l u a t e  t he  scope of the project and how it should be 
implemented. I n i t i a l l y ,  an IBM PC AT has been i d e n t i f i e d  as being a b l e  
t o  handle t h i s  p i l o t  project. 
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I n  order fo r  t h i s  e x p e r t  system t o  be an a s s i s t a n t  for the geologist, 
many geologic and geophysical  parameters must be i n c l u d e d  i n  t h e  
sys tem.  Therefore, it was decided the p ro jec t  should be divided . i n t o  
four modules. The first is a forward chaining inference  or a database 
w i t h  i n t e r p o l a t i o n .  The geologic and geophys ica l  parameters for a 
specific loca t ion  are predicted Prom data i n  nearby holes. The second 
module is a backward chaining inference.  A site must be selected which 
meets c e r t a i n  given parameters and i n c l u d e s  appropr ia te  h e u r i s t i c s .  
The t h i r d  module is t h e  dynamic p a t t e r n  matching  used t o  correlate 
geophysical logs. T h i s  module accomplishes geophysical  s i g n a t u r e  
a n a l y s i s .  I t  w i l l  a l low for  m i s s i n g  s e c t i o n  ( f a u l t i n g )  , nonhlinear 
s t r e t c h i n g  and lateral v a r i a t i o n  or in t e rpo la t ion .  The last module is 
t h a t  t h e  e x p e r t  system s h o u l d  i n c o r p o r a t e  a n a t u r a l  language query. 
That is, the exper t  should be able t o  conduct a se s s ion  a t  the te rmina l  
and have t h e  i n t e r a c t i o n  be i n  E n g l i s h .  The e x p e r t  s h o u l d  n o t  be 
requi red  t o  l e a r n  %omputerise". 

The pro type  of t h i s  proJect uses  data from the Nevada T e s t  Si te  as its 
Basis. A large database incorpora t ing  most of the  t e s t  s i t e  data has 
a l ready  been established. The las t  two modules, dynamic p a t t e r n  matchi 
ing  and n a t u r a l  language query, have been a c t i v a t e d .  Dynamic p a t t e r n  
matching  of geophysical  logs can i n  fact be done us ing  c e r t a i n  algo- 
rithms related t o  speech recogni t ion .  Now, allowable v a r i a b i l i t y  and 
l a t e r a l  v a r i a t i o n  are being incorporated i n t o  the module. The n a t u r a l  
language query module is opera t iona l .  A format has been s e t  up which 
includes discrete information about 300 p l u s  holes. The same query can 
be presented many d i f f e r e n t  ways and g ives  the same answer. The first 
two modules, which are the most d i f f i c u l t ,  are p a r t i a l l y  completed. As 
p a r t  of both modules, a polynomial f i t  r o u t i n e  is being developed t o  be 
used  on each stratigraphic layer t o  help determine s t r u c t u r e  and tech 
t o n i c  a c t i v i t y .  There have  been e x t e n s i v e  d i s c u s s i o n s  a b o u t  t h e  
e x p e r t ' s  thought processes and how one a r r i v e s  a t  a decis ion.  Many of 
these processes are being Incorporated i n t o  exper t  system. 
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Geochemistry 

Person in Charge: R. W. Charles 

Scope ,of Work 

Geochemistry research consists of six subtasks: (A) Coal Maturation: 
Occurence, Form, and Distribution of Sulphur and Mineral Matter in Peat; 
(B) RockhWater Interactions and Element Migration in the Jemez and Long 
Valley Hydrothermal Systems; ( C )  Thermodynamic Properties of Aqueous 
Solutions at High Temperatures and Pressures; (D) Geochemistry of 
Technetium and Ruthenium and Geochemical Controls on the Redistribution of 
Multivalent Elements in the Lithosphere; (E) Trace Element Geochemistry of 
Volcanic Gases from Basaltic Volcanoes of Oceanic Hotspots; and (F) RAMAN 
Spectroscopy of Aqueous Solution Species. 

A. Coal Maturation: Occurrence, Form, and Distribution of Inorganic 
Phases within the PeatetokLignite Transition (R. Raymond, Jr., A. D. 
Cohen. and D. L. Bish) 

Peat, the precursor of coal, is composed predominantly of plant com- 
ponents and secondarily of mineral matter derived from various sources. 
The elemental, mineralogic, and petrographic composition of a peat is 
controlled by a combination of both its botanical and despositional 
environment. The coal resulting from this peat is controlled by 
diagenetic alterations during peatification and later coalification. 
To evaluate the occurrence of inorganic phases in a coal deposit, one 
must understand the mechanisms for its introduction into the original 
peat deposit and the physical and, chemical conditions affecting the 
peat during its transformation into coal. 

The objectives of this research are: 1 to identify and correlate 
authegenic and detrital inorganic phases found in different peat types 
and compare these with those found in lignites; 2 )  to identify the 
processes that enhance and/or inhibit distribution and preservation of 
inorganic material in the initial coal-forming environment: and 3) to 
construct geochemical models for formation, preservation, alteration, 
and distribution of inorganics in peats and lignites based on the first 
two objectives. 

To achieve the above objectives, we will investigate the occurrence of 
inorganics within peat and lignite deposits and the physical and chemir 
cal conditions affecting these deposits. Deposits will be chosen such 
that the most reasonable correlations can be made between the deposi- 
tional environments of the peats and those of the lignites. Our 
approach is to use scanning electron microscopy, x-ray power diffrac- 
tion, .xi.ray fluorescence spectrometry, fluorescent and optical 
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microscopy, bulk chemical analyses, and conventional sedimentological 
analyses to characterize the modes of occurrence and content of 
biogenetically and non+biogenetically derived inorganic phases in the 
peats and lignites. We will then establish geochemical models for the 
alteration of those phases during the peat-to-lignite transition. This 
model should eventually allow us to predict the occurrence and dis- 
tribution of inorganics within various lignite and higher rank coals 
seams. 

Results to date suggest that factors controlling the amount and type of 
inorganic material in peats are: 1 )  underlying bedrock or sediments; 
2) detrital source areas; and 3 )  the ecology of the peatkforming 
botanical communities. Within this context, inorganic phase contents 
and major and trace element contents of peats relate directly to 
depositional and ecological setting rather than geographic provinces. 
When comparing peat and lignite deposits, volcanic ashfallrderived 
materials are easily distinguished from sedimentary materials in Costa 
Rican peats and lignites based on differences in bulk inorganic con- 
tents and chemical compositions. 

Valley Hydrothermal Systems (R. W. Charles, D. R. Janecky, T. t4: 
Benjamin, and P. S. 2. Rogers) 

Field, experimental, and computational studies examine rock-fluid 
reactions in hydrothermal systems in the Jemez Mountains with applica- 
tions to other geothermal and hydrothermal environments in the CSDP 
context. These investigations delve into the stable mineral as- 
semblages characteristic of these environments. 

B. RockrWater Interactions and Element Migration in the Jemez and Lon 

Sample collection and experimental hydrothermal reactions investigate 
various natural hydrothermal systems, for instance, Sulphur Springs, 
Cochiti Mining District, and CSDP wells VC-1 and VC*2a in the Jemez, 
well RDO-2b at Long Valley, and the deep Salton Sea well (SSSDP). The 
discrimination of major, minor, and trace element (via nuclear 
microprobe) chemistry and associated phase equilibria during mobi+ 
lization, transport, and deposition is the thrust of this 
investigation. Experimental systems are used to develop models for 
element migration in strong brines using single minerals as well as 
rocks. 

The results will aid in developing a model relating the various 
hydrothermal systems using the mineral assemblages after the method of 
Schreinemakers as modified by Korzhinskii and Zen. Solubility (mass 
transport) models such as dissolved aqueous speciation models, EQ3 and 
Solveq; reaction path calculations, EQ6; and coupled flow and rockt 
water interaction calculations are progressively upgraded as the 
experimental data is analysed. Activity coefficients in concentrated 
brines are obtained using various models, including Pitzer’s models, 
where applicable. 

Recent results define the state of local equilibrium at Sulphur Springs 
and the effects of groundwater upon alteration at depth in RDO*2b, Long 
Valley. Advances in analytical techniques using the nuclear microprobe 
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inc lude  the deconvolution of complex -xHray spectra t o  q u a n t i t a t i v e l y  
detect s p a t i a l l y  resolved (5 vm)  trace element abundances t o  concentrae 
t i o n s  of about 

C. Thermodynamic Properties of 'Aqueous Solu t ions  a t  High Temperatures and 
Pressures  (P. S. 2. Rogers) 

Knowledge of the thermodynamic properties .of aqueous s o l u t i o n s  is basic 
. t o  an understanding of many geochemical systems. Hydrothermal a l t e r a a  

t i o n ,  e lement  migrat ion and geothermal a c t i v i t y ,  are a few examples of 
processes la rge ly  dependent on the  properties of the assoc ia ted  aqueous 
f l u i d .  S t u d i e s . o f  t h e s e - p r o c e s s e s  r e q u i r e  in fo rma t ion  on the.heat 
conten t  and ion  a c t i v i t i e s  gf mixed electrolyte s o l u t i o n s  o v e r  a wide 
range of compo temperature . 
Construction o icrocalorimeter, e a s u r e  t h e  heat 
capaci t ies  of aqueous  s o l u t i o n s  from 298 t o  623OK was completed l a s t  
year. me calorimeter is completely automated, a l lowing the continuous 
r e c o r d i n g  of s e v e r a l  e x p e r i m e n t a l  parameters. O p e r a t i o n  of t h e  
calorimeter has shown tha t  it maintains  good temperature s t a b i l i t y  and  
t h a t * . t e m p e r a t u r e  d i s c r i m i n a t i o n  i n  the measurement c i r c u i t  is -excelfi 
l e n t ,  with u n c e r t a i n t i e s  is t he  t e m p e r a t u r e  d i f f e r e n c e  measurement 
ranging from only  .0002 t o  .00050K. This p rec i s ion  is better than t h a t  

, requi red  for determining heat ,capacities t o  O . l % ,  l e a v i n g  c a l i b r a t i o n  
of the  calorimeter-as t h e  l i m i t i n g  -factor i n  both the  p rec i s ion  and 

I. accuracy of the  heat c a p a c i t y  measurements.  Heat capaci ty  da t a  are  
p r e s e n t l y  being ob ined for mixtures of NaClGvNa2Soql-H20, an important 

, 

and deposi t ion.  

ns of i n t e r e s t  a t  high 
t e m p e r a t u r e s  is l a r  a i n i n g  t h e r m o d y n a m i c  
p r o p e r t i e s  from e n t a l  data is desirable. 
Heat-capacity measurements are ideal for t h i s  purpose because t h e  heat 
capaci ty  ,data can ,be in t eg ra t ed  as. a .  func t ion  of temperature t o  deter- 
mine s o l u t i o n  enthalpies  and- the ion a c t i v i t i e s  of s o l u t i o n  s. 
These thermodynamic p r o p e r t i e s . w i l . 1  be used  t o  p rov ide . an  t e  
model for e l e c t r o l y t e  s o l u t i o n s  a t  high temperature and pressures. 

" The number of' - d i f f e r e n  

e l y  rare element i n  na ture .  s i n g l e  isotope,  

Consequently,  i n  a 

l ib r ium with the parent e l emen t  U. The r e s u l t  is an  
i n v a r i a n t  r a t i o  of the  two e l e m e n t s ,  i t s  magnitude dependent on the 
neutron f luence  i n  the geologic  environment and the  time t h a t  has 

. .  
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passed s i n c e  the parent  and daughter were f r a c t i o n a t e d  wi th  respect t o  
one another.  The value is expected t o  be on the order of 10*l2g Tc/gU. 
Chemical changes wi th  respect t o  these two e l e m e n t s  can  be characrs 
terized and quan t i f i ed  by dev ia t ions  from the a n t i c i p a t e d  ratio. 

We have completed development of an a n a l y t i c a l  procedure t h a t  allows u s  
t o  measure as l i t t l e  as g of "Tc i n  as much as 10 g of material. 
T h i s  c a p a b i l i t y  p r o v i d e s  t h e  means t o  d e t e r m i n e  T c  a b u n d a n c e s  i n  
geologic materials tha t  conta in  more than  100 ppm U. 

Each of the  two elements are mul t iva l en t .  The h igh  o x i d a t i o n  s t a t e s  
b e i n g  more s o l u b l e  than  the  lower ones. Therefore chemically induced 
changes i n  the r e l a t i v e  abundances of these two elements are l i k e l y  t o  
be most extreme i n  a hydrologically a c t i v e ,  ox id iz ing  environment. The 
Koongarra U depos i t  i n  the Aust ra l ian  Nor the rn  T e r r i t o r y  p r e s e n t s  a n  
e x c e l l e n t  o p p o r t u n i t y  t o  s t u d y  t h e  d i s p e r s i o n  of T c  i n  s u c h  a n  
environment. This deposit  has been characterized i n  detai l  i n  conjuncP 
t i o n  w i t h  attempts t o  deve lop  t h e  d e p o s i t  fo r  economic pu rposes .  
However, as  y e t  t h e  deposi t  has n o t  been mined and the A u s t r a l i a n  
Atomic Energy Commission has conducted ex tens ive  research on element 
migration a t  Koongarra. The depos i t  is d i s t i n g u i s h e d  by a zone of 
a l t e r a t i o n  t h a t  extends from the surface to  depths  of about 30 meters. 
It is highly altered by a flow of oxid iz ing  surface waters. Uranium is 
d i s p e r s e d  down t h e  hydro logic  g rad ien t  away from that  por t ion  of the 
l e n s  ore t h a t  resides i n  t h e  weathered zone. The c o n c e n t r a t i o n  
g e n e r a l l y  decreases as a f u n c t i o n  of d i s t a n c e  from the l e n s  and the 
mineralogy changes from secondary uranyl  phosphates wi th in  the  a l te red  
l e n s  i t s e l f  t o  U dispersed on clay a t  the edges of the  d i spe r s ion  fan.  
Samples were collected from d r i l l  core taken a t  r e g u l a r  i n t e r v a l s  a long 
the  hydrologic gradien t .  The samples grade from highly enriched ore t o  
nea r ly  ambient l e v e l s  of U. These are being analyzed t o  de te rmine  t h e  

abundances of "Tc and U. The data w i l l  characterize the d i spe r s ion  of 
T c  and U along t h e  hydrologic g rad ien t  and provide the  means t o  examine 
t h e  geochemical c o n t r o l s  on t h e  t r a n s p o r t  of these two mul t iva len t  
elements i n  an ox id iz ing  environment. 

E. Trace Element Geochemistry of Volcanic Gases from Basaltic Volcanoes of 
Oceanic Hotspots (B. Crowe and D. Finnegan) 

F i e l d  and labora tory  s t u d i e s  are being undertaken t o  i n v e s t i g a t e  the 
trace element compositions of volcanic  gases of a c t i v e  v o l c a n o e s . ,  We 
have  sampled v o l c a n i c  gases during four separate e rup t ions  and a t  the  
cool ing  ven t s  preceding and fol lowing e r u p t  i o n s  of K i l a u e a  and Mauna 
Loa Volcanoes ,  Hawaii. The c o l l e c t i o n  system c o n s i s t s  of a series of 
f i l ters  contained i n  a polycarbonate c a n i s t e r .  V o l c a n i c  aerosols are  
pumped though t h e  f i l t e rs  u s i n g  a po r t ab le  vacuum pump. The first 
c o l l e c t i o n  f i l t e r  is a p a r t i c u l a t e  f i l t e r  and e f f i c i e n t l y  t r a p s  con- 
densed gases and particles. The following filters are basedctreated 
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and absorb acidic gases that pass through the particulate filter. The 
filter canister and pump are portable and can be set up at the edge of 
a volcanic vent or connected to the wing struts of an airplane for 
sampling the eruption plume. After exposure to-volcanic aerosols, the 
filters are analyzed using nondestructive INAA for about 35 to 40 
elements. The major goals of the'project are: 1 )  Determine the 
characteristic trace element' contents of volcanic aerosols associated 
with the eruption of,Hawaiian magmas, 2) Evaluate the variations in the 
trace element composition of aerosols through eruption cycles and 3) 
Evaluate the variations in the composition of aerosols immediately 
following eruptions and continuing through the period of magma recharge 
preceding subsequent eruptive activity. This information will be used 
to examine possible geochemical mechanism of trace element enrichment 
in the volcanic aerosols and the potential use of monitoring of 
selected trace elements in aerosols for the prediction of volcanic 
eruptions. During July of 1985, we conducted a sampling mission to 
collect aerosols for a complete eruption cycle of Kilauea volcano. 
Aerosols were collected at the vent edge starting four days after 
eruptive episode 33 and continued on a near-daily schedule until 3 days 
before the episode 34 eruption on July 26. Aerosols were not collected 
during the episode 34 eruption because of inclement weather. However, 
we were able to collect aerosols at the vent edge and a new fissure 
site that opened upwift of the vent for 7 successive days following 
the eruption. Additionally, we sampled the volcanic plume by aircraft 
during the episode 35 eruption. We have shown that calculation of 
conventional enrichment factors for volcanic aerosols is not suitable 
for ashhladen volcanic plumes. Variable mass loading of the particle 
filter by ash causes major variations in the calculated enrichment 
factors. This effect can be removed by normalizing the data to a 
volatile phase that is present in trace amounts in the ash such as 
fluorine or chlorine. Preliminary data normalized to chlorine show 
systematic variations of selected trace metals with stages in an erup- 
tion cycle. 

RAMAN Spectroscopy of Aqueous Solution Species (T. Benjamin, P. RogersI 
and G. Bayhurst) 

Knowledge of the specification'behavior of metalsligand complexes is 
important to understanding the modeling mineral solubilities, metal ion 
transport, and ore deposition. However, data for the quantitative 

I speciation of metallligand complexes in aqueous solutions at geologir 
cally significant pressures and temperatures are quite limited. Few 
.complexes have been studied above 100°C, while there is a need for data 
to at least 6OOOC. Speciation of geochemically important complexes 
(predominantly those involving metalrchlorides) will be determined by 
high temperature and pressure Raman spectroscopy. Laser Raman 
spectroscopy is a powerful technique for the determination of struc- 
tural speciation in'aqueous solutions, because unlike the complementary 
technique of IR spectroscopy, it is relatively free of interferences 
due to the presence of water. 

F. 
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This  is a new project i n  1986. Our ob jec t ive  is t o  gather  and decon- 
v o l u t e  Raman s p e c t r a  g e n e r a t e d  by a c o n t i n u o u s  wave laser  beam 
impinging upon a spec ia l  diamond windowed, e x t e r n a l l y  heated, h igh  
p r e s s u r e  (4 k b a r )  f l u i d  cell .  Thus far, we have developed a workable 
diamond ce l l  and p res su r i z ing  f l u i d  s y s t e m  and have o b t a i n e d  a Spec 
Physics  Model 2025 argon ion  laser. The high power (5 watt v i s i b l e  and 
0.4 watt U V )  w i l l  improve the  s e n s i t i v i t y  and r a n g e  of t h e  Raman 
measurements.  We have  a l s o  i n i t i a t e d  software development for  the  
q u a n t i t a t i v e  spectra deconvolution. The system has been tested t o  3.5 
k b a r  a t  ambient temperature. S e n s i t i v i t y  measured i n  the cel l  appears 
t o  be log3 m for Zn+Cl. As the  Raman spectra  c a n n o t  always be unam- 
b i g u o u s l y  deconvo lu ted ,  we are c o o r d i n a t i n g  these experiments with 
calorimetry measurements and hydrothermal e x p e r i m e n t s  t o  narrow t h e  
possible in t e rp re t a t ions .  

, 
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Category: Energy Resource R e c o g n i t i o n ,  E v a ' l u a t i o n ,  a n d  
U t  i i i z a  t ion 

I .  Person i n  Charge: F. E. Goff 

A. F i e l d  and Geochemical S tudies  of the 'po lvadera  Group, Jemez Volcanic 
F ie ld ,  New Mexico (W. S c o t t  B a l d r i d g e  and David T. Vaniman [Los 
Alamos National  Laboratory] ) 

The P o l v a d e r a  'Croup c o n s i s t s  of three m a j o r  u n i ' t s  * 

y o u n g e s t )  : Lobato 'Basal t  , Tschicoma Formation' (mainly andes i t e s ,  
la t i tes ,  and dacites), and E l  Rechuelos Rhyolite. These u n i t s  .span 
the  age r a n g e  from 10.8. t o  2.0 m i l l i o n  years a d imuiediately 
preceded e rup t ion  of Bande l l e r  t u f f  a t  1..4 and 1 i l l i o n  years 
ago. I n  1984 and -1985. we made major p r o g r e s s  n d e r s t a n d i n g  
p a r t i c u l a r l y  t he  Lobato Basalt and E l  Rechuelos Rhyolite. 

Through detailed f i e l d  mapping and 'K-Ar da t ing  ( c o l  w i th  
M. Shaf iqul lah .  of the  Universi ty  of Arizona) we recognized t h a t  t h e  
Lobato Basalt Mesa c o n s i s t s  dominan t ly  of a group of overlapping 
sh ie ld  cones, each w i t h  numerous, smaller subs id ia ry  and . "pa ras i t i cW 
cones .  Although i n d i v i d u a l  s h i e l d  cones are s l i g h t l y - d i f f e r e n t  i n  
age, a l l  of the cones were erupted dur ing  the i n t e r v a l  10.8 t o  9.2 
m i l l i o n  years ago. Each'shield cone is charac te r ized  by a s l i g h t l y  
d i f f e r e n t  composition,.although a l l  are tho le i i t i c  basalt general ly .  
These d i f f e r e n c e s  in.composition i n d i c a t e  t h a t  each.shield Cone was 
fed by a sepa ra t e  magma chamber and "plumbing system." L a t e - i n  t h e  
e r u p t i v e  cyc le  a .group of more evolved (i.e., higher i n  S i O E  and 
i n c o m p a t i b l e  e l e m e n t s )  hawakites were e r u p t e d  from a series of 
v e n t s ,  t he  l o c i  o f  which were 's t rongly con t ro l l ed  by fractures and 
f a u l t s  which later displaced most or a l l  of t h e  basa l t s .  A daci te  
dome was a l so  emplaced f a i r l y  l a t e  i n  the Lobato cycle (9.6 m y .  
ago) . These more s i l i c i c .  rocks  may a n t i c i p a t e  t h e  p e t r o g e n i c  
processes which l a t e r  ( a t  approximately 7 'mi l l ion  years ago) gave 

The E l  Rechuelos R h y o l i t e ' u n i t  c o n s i s t s  of a group of f i v e  rhyol i te  
domes and a pumice r i n g .  P r e v i o u s l y ,  a l l  o f  t h e  domes and t h e  
pumice r i n g  were presumed t o  be 2 m i l l i o n  years o l d ,  based on a 
s i n g l e  KaAr age date on one o f - t h e  domes; We have da ted  s e v e r a l  of 
t h e  domes, and f i n d  t h a t  t h e y  range from 7.5 t o  2.0 mi l l i on  years 
of age. The earlier and i n t e r m e d i a t e  domes (7 .5  and 5.8 m i l l i o n  
years  o ld ,  r e s p e c t i v e l y )  are  e q u i v a l e n t  i n  age t o  the  much more 
voluminous rhyo l i t i c  volcanism i n  the southern Jemez v o l c a n i c  f i e l d  
(Canovas Canyon and Bearhead Rhyol i te ) ,  al though they  are 

. a .  
" _  

ise t o  the voluminous Tschicoma magmas. 
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petrographically distinctive. Therefore, we restrict the terminolH 
ogy ."El Rechuelos Rhyolite" to the latest (2 million year old) 
domes; The Nd and Sr isotopic data suggest that lower and/or upper 
crust was involved, as well as crystal fractionation processes,. in 
the petrogenesis of these rhyolitic magmas. 

B. The Bandelier Pluton (K. H. Olsen and L. A. Ankeny) 

Our basic scientific understanding of many aspects of the evolution 
of the continental crust .and the development of ore deposits and 
large-scale hydrothermal systems depends on knowledge of processes 
of intrusion of magma, magmatically derived fluids, and associated 
heat into the uppercrust, and of the consequent processes of magi. 
'matic .differentiation and assimilation/mdificat ion of surrounding 
crustal rocks. The Jemez Mountains volcanic field (JMVF) of northc 
ern New Mexico is one of three giant, recently active, silicic 

I caldera systems within the continental United States in which phases 
of such processes are still taking place. Coordinated interdis- 
ciplinary studies, including plans for deep scientific drilling, are 
in progress in the Jemez Mountains and elsewhere in order to in- 
crease fundamental understanding of thermal regimes in continental 
settings. The objective of our particular task has been to employ 
both "act ivetl and "passive" seismological techniques to delineate 
contemporary strucbures and gross rock properties (elastic wave 
velocities, densities, inferred temperatures, etc.) beneath the 
JMVF, which will supplement results from geological and petrological 
techniques and help provide constraints for developing evolutionary 
models. 

We determine the three-dimensional velocity structure of the upper- 
most crust (to depths of about 10 km) beneath the JMVF using a 
geotomographic inversion method. Our inversion for the JMVF 
employed a simultaneous inversion of travel paths from two data 
sets: ( 1  ) a "two-dimensional refraction" profiling experiment with 
6 borehole explosions shooting into more than 80 portable seis- 
mograph sites, and (2) local earthquakes for the period of 1973-1984 
as recorded by the Los Alamos Seismic Network. The main results of 

+ the geotomographic inversion show the presence of a prominent, 
approximately cylindricalrshaped zone of low Prwave velocity cen- 
tered beneath the southern part of the resurgent dome (Redondo Peak) 
and south moat area of the Valles caldera. The velocity anomaly is 
defined by a lateral decrease in velocity from about 6.0 km/s to as 
low as 5.6 km/s (about a 5% reduct.ion from the Prvelocity of surL 
rounding crystalline basement rbcks)*and extends to depths of at 
least 10 km (where the present data set loses resolution). We 
interpret this velocity anomaly, about 15 km in diameter, as the 
upper part(?) of the pluton which constitutes the compositionally 
zoned magma chamber that was the source of two cataclysmic ig- 
nimbrite eruptions (1.1 and 1.45 Ma) which deposited the Bandelier 
tuff (comprising a total of more than 600 km3 in northern New 
Mexico). 
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A decrease i n  compressional wave velocity can be due t o  a .number  of 
fac tors ,  i n c l u d i n g  compositional d i f f e rences  (rock type) ,  e leva ted  
t e m p e r a t u r e s ,  p r e s s u r e ,  p o r o s i t y ,  f l u i d  c o n t e n t ,  and degree of 
f r a c t u r i n g *  Examinat ion of a v a i l a b l e  laboratory data on compres- 
siona1,wave v e l o c i t y  as a funct ion of these p a r a m e t e r s  leads u s  t o  

' c o n c l u d e  t h a t  t h e  p r i n c i p a l  ) f a o t o r s  c o n t r o l l i n g  the  lowilvelocity 
anomaly. beneath the JMVF are a ,combina t ion  of a more s i l i c i c  come 
p o s i t i o n  wi th in  the pluton (which pe t ro log ica l  data suggest ,  evolved 
o v e r  a l e a s t  a 7+m.y+ p e r i o d )  a n d  e l e v a t e d  t e m p e r a t u r e s .  
V e l o c i t y / t e m p e r a t u r e  p a r t i a l  d e r i v a t i v e  da ta  s u g g e s t  ho r i zon ta l  
temperature d j f f e r e n c e s  between surrounding basement and t h e  c e n t e r  
of the p lu ton -o f  a t  least?15O0C but probably less than  500OC. Thus, 
t e m p e r a t u r e  d i f f e r e n c e s  a l o n e  c o u l d  e x p l a i n  t h e  o b s e r v e d  low* 
v e l o c i t y  body, b u t  we f a v o r  an  i n t e r p r e t a t i o n  t h a t  also inc ludes  

8 higher si l icic compositions suggested by petrological  da ta  and by 
g e n e r i c  a rgumen t s  a b o u t  t h e  e v o l u t i o n  of large ash flow caldera 
systems. A t  the r e l a t i v e l y  coarse r e s o l u t i o n  of t h e  p r e s e n t  data 
s e t ,  e x t e n s i v e  volumes of p a r t i a l  melt are - no t  requi red  t o  expla in  
the observed anomaly, but  we cannot r u l e  o u t  t h a t  some small isop 
l a ted  magma p o c k e t s  c o u l d  ex i s t  wi th in  the main coa r se ly  resolved 
body. It is i n t e r e s t i n g  t o  note t h a t  t he  s t r o n g e s t  l o w r v e l o c i t y  
va lues  (as well as the  minimum of a very prominent aeromagnetic low) 
are centered beneath the reg ion  of most r ecen t  vo lcanic  a c t i v i t y  i n  

Evolutionary models of s i l ic ic  volcanic  systems s u g g e s t  t h a t  upper  
c r u s t a l  p l u t o n s  are  u n d e r l a i n  and f e d  by more mafic (basa l t ic )  
s t i l l k l i k e  s t r u c t u r e s  a t  midcrus ta l  depths .  Our p r e s e n t  data f o r  
t h e  JMVF are i n a d e q u a t e  t o  c o n f i r m  or deny t h e - e x i s t e n c e  and/or 
depth  of such a f e a t u r e  here, although p a r t i a l l y  mol ten  m i d c r u s t a l  
basa l t ic  sills are known from seismic observa t ions  elsewhere i n  the 

j Rio Crande rift,  Although poorly r e s o l v e d  by the p r e s e n t  seismic 
tomograp.hy s u r v e y ,  t h e  - r e g i o n  of t h e  JMVF/Rio Grande r i f t  i m d  
mediately t o  the no r theas t  of I the Valles/Toledo calderas a c t u a l l y  
d i s p l a y s  some of the more in t ense  g r a v i t y  and s e i s m i c i t y  anomalies 
of the area, perhaps s u g g e s t i n g  t h a t  t h i s  r e g i o n  may c o n t a i n  t h e  
deeper p a r t s  of t he  "root system" of the JMVF. This region  is t he  

the  JMVF, moat r h y o l i t i e s  of the  0.1 Ma-Banco B flow. 

I (Banco Bonf to  o b s i d i a n ,  0,13 Ma). Preliminary FY84 r e s u l t s  of the 
core hole was o u t l i n e d  i n  Summaries of P h y s i c a l  Research i n  t h e  
Geosciences 1985. 
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' , I n  FY85 samples of core and copies of geophysical logs were d i s +  
.tributed t o  interested researchers. A comprehensive l i thologic  log 
was prepared of the 856 q core. A comprehensive d r i l l i n g  report was 
prepared summarizing the  d e t a i l s  of the coring e f f o r t  
temperature log was r u n  i n  J u l y  1985. From comparison of the new 
log with the log run one day a f t e r  coring ( i n  September 19841, a 
zone a t  483 m was i d e n t i f i e d  as a thermal aquifer. -This zone was 
perforated from 482,to 485 m i n  l a t e  J u l y  1985. After a month of 
equi l ibra t ion ,  the thermal f l u i d s  were sampled w i t h  a downhole 
sampler. Three weeks'later, the VC-1 well was swabbed out w i t h  a 
workover r i g  and the thermal f l u i d s  again sampled from 483 m. F lu id  

amples were distributed t o  interested researchers.  I n  September 
1985 a detailed surface survey l i n e  was run through VCzl i n  prepara+ 
t ion  for  a seismic re f rac t ion  survey. T h i s  seismic survey was 

. completed i n  l a t e  September 1985 and is inten t o  resolve deep 
structure i n  ringrfracture zone. 

Results of the research of various V C 4  investigators were prepared 
for a special session of AGU ( F a l l ,  1985). A t  t h a t  meeting the 
f l u i d  geochemical data were presented proving tha t  VC-1 penetrated 
the hydrothermal outflow plume of Valles caldera. 

D. Valles Caldera Drilling Program: Core hole VCd2a (Fraser Goff [Los 
Alamos National Laboratory] and Dennis Nielson [ U n i v e r s i t y  of Utah 
Research Institute]) 

Valles Caldera #2a is the second Continental S c i e n t i f i c  D r i l l i n g  
Program (CSDP) core hole planned for  Valles caldera. It w i l l  be 
d r i l l e d  i n to  the small vaporedominated hydrothermal system a t  
Su1phur.Springs located on the west edge of t h e  Valles resurgent 
dome. Objectives a re  t o  s t u d y  the vapor zone and the  in te r face  
between vapors and liquidsdominated zones, t o  s tudy  ore minerals and 
hydrothermal alterations associated w i t h  these zones, and the i n +  
t r a c a l d e r a  s t ra t igraphy and s t ruc tu re  associated w i t h  caldera 
resurgence. Intended depth is roughly 550 m and expected tempera& 
ture is about 200OC.  In  l a t e  FY85 preparations and negotiations had 
j u s t  begun. 

~ 

E. Development and I n i t i a t i o n  of Sample Management Policy Procedures 
for CSDP (Sue Goff [Los Alamos National Laboratory]) 

The Curation Office,  managed from Los hlamos National Laboratory, 
operates the Curation Facility a t  Grand Junction, Colorado. T h i s  
faci l i ty ,  funded via the DOE Office of Basic Energy Sciences (OBES), 
is designed t o  provide the s c i e n t i f i c  community w i t h  access t o  

, geologic samples. The Core Repository occupies about 7,200 square 
feet  of space i n  Building 7 a t  the DOE Grand Junction (Colorado) 
facil i ty.  The repository contains-in addition t o  the core- storage 
areaggoffice space for the  curptor ,  a r ecep t ion i s t ,  and v i s i t i n g  
s c i e n t i s t s ,  as well as rooms housing specialized SamplePpreparation 
equipment. Core can be viewed i n  a large enclosed and heated a rea ,  
which is equipped wi th  sampleviewing tables designed for laying out 
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. '  numerous boxes'of core. Most of t h e  o f f i c e  furn i ture  is now'in 
place, and equipment recently installed includes a 24"slab saw, a 
trim saw, a d r i l l  press,  and .a  core sp l i t t e r .  Also available for 
v i s i t o r  use a re  a b inocular  and a pe t rog raph ic  microscope. 
Presently archived a t  the repository are 5,517 feet  of d r i l l  core 
from various OBES d r i l l i n g  projects. 

. 1  

ce has also publishe uratorlal Policy Guidelines 
and Procedures f o r  the Continental .Sclentif  i c  D r i l l i n g  Program, 
which includes the Field Curation Manual for the Inyo Domes and the 
Valles Caldera d r i l l i n g  projects. In  press are  the Field Curation 
Manuals for the Salton Scientific D r i l l i n g  Project and Shady Rest. 

I 

' I  
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.- Contractor: LOS ALAMOS NATIONAL LABORATORY 
University of California 
Los Alamos, New Mexico 87545 

Contract : Ww7405rENW36 

Category : Solar-TerrestrialPAtmospheric Interactions 

Person in Charge: D. N. Baker 

Scope of Work 

The objective of this program is to carry out theoretical and experimental 
research on the plasma physics of the solar wind and the earth's magneto= 
sphere and ionosphere. The goal of this research is the description of the 
flow of plasma energy in this environment, the understanding of various 
electrodynamical processes whereby the earth's magnetosphere acquires 
plasma and energy from the impinging solar wind, alters the character of 
these, and dissipates them to the earth and to the surrounding medium, and 
the investigation of the detailed of acceleration processes affecting 
energetic particles in the magnetospheric system. 

Since the solar wind and magnetospheric plasmas are the media through which 
solarhgenerated disturbances propagate and in which solar wind convection 
energy is stored and subsequently released to the auroral ionospheres, 
these studies help us understand the coupling of solar variations to the 
nearrearth environment. This research is related to the Department of 
Energy's missions through applications to plasma physics problems relevant 
to fusion energy technology, understanding longwterm solar wind and earth 
climate variability, and future space-based energy technologies. 

A. Energy Transport in Space Plasma (S. P. Gary) 

The longhterm goal of this research is to describe the flow of plasma 
energy in the near Earth plasma environment. Specifically, we use 
electron and ion distribution functions observed by Los Alamos plasma 
instruments to carry out fundamental studies of plasma instabilities 
and associated transport in and near the earth's bow shock, magneto- 
sphere, and ionosphere. 

Our most important research of 1985 has been our study of ion beam 
instabilities associated with slow shocks in the Earth's magnetotail. 
These shocks, recently discovered by Los Alamos plasma instrumentation 
on the ISEEd3 satellite, are an important source of energy dissipation 
in the magnetotail. Large amplitude, low frequency magnetic waves have 
been observed upstream of these shocks and may be an important 
mechanism for this dissipation. Our research has provided the basis 
for the identification of the right-hand resonant ion beam instability 
and the ion cyclotron beam anisotropy instability as the sources of the 
observed rightn and left+hand polarized waves, respectively. We have 
further examined the nonlinear properties of the right-hand instability 
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through computer simulations, and have predicted not only the evolution 
of ion d i s t r ibu t ions  b u t  a l so  t h a t  r e l a t i v e l y  h igh  plasma beta is 
necessary  I n  order t h a t  slow shocks acce lera te  ions by the Fermi 
process . 

. ?  1 '  

B. Electrodynamical Aspects of the Solar WindiMagnetosphere Interaction 
(E. W. Hones, Jr., and J. Birn) 

When the solar wind plasma impinges onto the earth's magnetosphere, it 
causes a convection pattern which transports plasma and energy through 
the magnetotail and in to  the ionosphere., Two extreme cases can be 
considered and are probably realized i n  d i f f e ren t  combinations: (1  ) 
the  ionosphere accepts the incoming plasma and energy a t  the required 
ra te  and the magnetosphere assumes an approximately steady s t a t e ;  ( 2 )  
the ionosphere cannot dissipate the incoming energy and is esseptially 
closed fo r  the plasma inflow; i n  t h i s  case plasma and energy must 
become stored i n  the magnetotail u n t i l  a sudden release becomes posa 
sible (magnetospheric substorm). A part o f . t h i s  second picture i s  the  
l o s s  of plasma i n  the .form of a.plasmoid, which becomes detached from 
the plasma sheet through magnetic-reconnection. Jn addition t o  these 
responses there exist  internal oscillations, which are probably gener- 
a t e d  by  t h e  s o l a r  w i n d  v i a  s u r f a c e  waves a t  t h e  s o l a r  w i n d ?  
magnetosphere in te r face  (magnetopause). These different responses 
constitute the main topics of o w  magnetospheric research. 

I n  theory  and numerical simulations we have conceqtrated on the 
response of the magnetotail . t o  -gradual external  changes and forces  
causing a slow inflow of plasma energy and magnetic f lux .  We have used 
our self-consistent quasistatic magnetotail theory t o  show t h a t  plasma 
t ransport  across an in te r face  (zseparatrlx) between different plasma 
regions must lead t o  large flow velocities along the magnetic f i e l d  a t  
the seperatrix when it is connected t o  regions#of small f ie ld  magnitude 
(magnetic "neutral" regions). ... Such regions are probably realized i n  a 
reconnection s i t e  i n  the distant t a i l  .(-100-200 R ) recently explored 
by the s a t e l l i t e  I S E E  3. The erpected .sheets o$ f a s t  plasma flow 
connect ing  t o  t h i s  region could be.realized by the  plasma sheet bound- 
ary layer observed nearer to . the  earth. 

We have a l s o  used our time' dependent nonlinear MHD code t o  s tudy  the 
response of the geomagnetic t a i l  t o  external e lectr ic  fields that force 
an inflow of plasma, energy and magnetic f lux ,  In  a first phase these 
forces lead t o  the gradual deformation of the t a i l  associated w i t h  the  
loading phase before t h e  onset of a magnetospheric substorm, The onset 
of the fast release phase leading,to .reconnection, plasmoid formation 
and ejection requires the presence of a (localized) dlssipation such as 
an anomalous resis t ivi ty  caused by ,small s ca l e  wave turbulence. We 
found that a continued presence of the external forces i s  not necessary 
af ter  the unstable evolution has s t a r t ed .  The cont inuat ion of the 
e x t e r n a l  f o r c e ,  however, can modify the  unstable evolution i n  a 
parametric way by changing characteristic scales and wave speeds. 

-61 L- 

L d '  



. .  
1 .  , .  . 

Project PROMIS 

The o b j e c t i v e  of Project PROMIS (Polar Region and .Outer Magnetosphere 
I n t e r n a t i o n a l  Study) is t o  acqui re  an extended body of coordinated data 
from ISEE 1 ,  ' ISEE 2, and AMPTEeIRM i n  t h e  magnetotai l  plasma sheet, 
from IMP 8 ' and  IMP 7 i n  the solar wind, and from the auroral imagers on 
DEbl and V I K I N G .  The project was f o r m u l a t e d  t o  e x p l o i t  the unique 
conf igura t ion  of these satel l i tes  that  w i l l  e x i s t  during March t h r o u g h  
June of 1986 when V I K I N G  and DE-1 w i l l  be i n  pos i t i on  t o  take p ic tu re s ,  
every 80 seconds and e v e r y ' l 2  m i n u t e s ,  of t h e  n o r t h e r n  and s o u t h e r n  
p o l a r  r e g i o n s ,  r e s p e c t i v e l y ,  and t h e  I S E E  1 ,  2 and AMPTEkIRM o rb i t s  
w i l l  l i e  i n  t h e  m a g n e t o t a i l . ,  The two auroral  imagers o f f e r  t h e  
greatest  capabi l i ty  tha t  has ever  e x i s t e d  for observing the  conf igurar  
t i o n  and changes of t h e  a u r o r a s ,  each one  r e p e a t e d l y  pho tograph ing  

- e s s e n t i a l l y  t h e  whole a u r o r a l  o v a l  d u r i n g  a b o u t  50 percent  of each 
severa l f ihour  o r b i t a l  period. T h i s  m a g n i f i c i e n t  record of a u r o r a l  
b e h a v i o r ,  combined wi th  the long unin ter rupted  records of magnetotail  
and solar wind plasmas from the other PROMIS satellites, is expected t o  
p r o v i d e  a n  unpreceden ted  weal th  of material for solarhterrestr ia l  
physics  s tud ie s .  

C. Energetic Particle Acceleration and Transport  i n  Magnetospheric Systems 
(D. N. B a k e r )  

By e n e r g e t i c  par t ic les  we mean tha t  populat ion of ions  and e l e c t r o n s  
that  extends from j u s t  above the bulk thermal plasma p o p u l a t i o n  i n  a 
g i v e n  r e g i o n  a l l  t he  way t o  the h ighes t  v e l o c i t y  charged particles of 
the plasma d i s t r i b u t i o n  f u n c t i o n .  During t h e  c u r r e n t  year we have  
examined e n e r g e t i c  p a r t i c l e  phenomena s p a n n i n g  much of t h i s  energy 
range,  and w e  have  a l s o  ex tended  o u r  research e f f o r t s  t o  c o n s i d e r  
e n e r g e t i c  pa r t i c l e  processes i n  a v a r i e t y  of magnetospheric systems 
( J u p i t e r ,  Mercury, Comet G i a c o b i n i k Z i n n e r )  i n  a d d i t i o n  t o  t h e  terc  
r e s t r i a l  system. Our s t u d i e s  can be grouped i n t o  three genera l  areas: 
1 )  The acce le ra t ion  of ene rge t i c  particles i n  magnetospheric systems;  
2) The subsequent t r anspor t  of the e n e r g e t i c  particles throughout these 
systems; -and 3) The . loss  of particles from magne tosphe r i c  r e g i o n s  by 
leakage, by atmospheric p r e c i p i t a t i o n ,  o r . b y  some other d i s s i p a t i v e  
mechanism. O f  major impor t ance  i n  t h i s  program of  s t u d y  is t h e  
u t i l i z a t i o n  of t h e  broadest range of observa t iona l  data a v a i l a b l e  and 
the app l i ca t ion  of theoretical ideas drawn from analogies  w i t h  similar 
physical systems. 

Considerable observa t iona l  evidence is found tha t  charged particles are 
accelerated t o  h i g h  e n e r g i e s  i n  t h e '  o u t e r  terrestrial  magnetosphere 
during geomagnetic dis turbances.  O u r  global model r e l a t i n g  e n e r g e t i c  
i o n  p o p u l a t i o n s  t o  n e a r r t a i l  magnetic reconnection a t  substorm onse t  
followed by g loba l  r e d i s t r i b u t i o n  is q u i t e  success fu l  i n  explaining the 
p r imary  o b s e r v a t i o n a l  f ea tu re s .  The acce le ra t ion  o f t e n  appears t o  be 
q u i t e  impulsive causing temporally br ief  ( t e n s  of s e c o n d s ) ,  v e r y  i n @  
tense  bursts  of particles i n  the d i s t a n t  plasma sheet as well as i n  the 
nearrctai l  region. These b u r s t s  extend i n  ene rgy  from t e n s  of keV t o  
o v e r  1 MeV and are  c l o s e l y  associated w i t h  substorm expansive phase 
onsets .  
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We have also developed a model of substorm processes i n  t h e  Mercury 
Magnetosphere based upon Mariner 10 spacecraft observations. The model 
is predicated on close analogies observed w i t h  the te r res t r ia l  case and 
suggests that energetic particles up to  -500 keV are produced by strong 
induced electr ic  fields a t  3 - 6 q3 i n  the Hermean t a i l  i n  associat ion 
with a "substorm-like" neutral l i n e  formation. 

We have continued our s tudy  of a quite d i f fe ren t  and much more eneriz 
getic processI viz.? the occurrence of highly re la t iv i s t ic  electrons i n  
t he  e a r t h ' s  outer magnetosphere. On the other hand, r e l a t i v i s t i c  
e lectrons may result  from processes occurring i n  our nearest available 
llcosmic a ~ c e l e r a t o r , ~ ~  i.e., the earth's magnetosphere. If t h i s  is the 
case,  then we a re  witnessing the frequent and efficient generation of 
h i g h l y  energe t ic  p a r t i c l e s  of t h e  s o r t  r e q u i r e d  i n  many o t h e r  
astrophysical contexts, such as astrophysical je ts .  On the other hand, 
these electrons may ar ise  directly from the Jovian magnetosphere. I n  
t h i s  case , t h i s  par t ic le  population is providing a remarkable example 
of heliospheric p a r t i c l e  t ransport  and indicates  intimate coupling 
between two very different planetary magnetospheric systems. I n  either 
event, t hese  p a r t i c l e s  may be a s i g n i f i c a n t  l i n k  between t h e  
heliosphere/outer magnetosphere system and the earth's middle atmos" 
phere . 
Once energet ic  p a r t i c l e s  a re  produced by some physical process, they 
can serve as an excellent tracer population u n t i l  they a re  eventually 
l o s t  by dissipative effects. An example of a population indicative of 
both transport and loss processes i n  ea r th ' s  magnetotail is t h a t  of 
"polar rain." Polar r a i n  consists of -50 t o  -500 eV electrons which 
continually prec ip i ta te  i n t o  one or  the other of e a r t h ' s  polar cap 
ionosphere regions. Our observations from ISEEn3 and our associated 
modeling of these observed features have clearly shown the so l a r  wind  
heat f l u x  source of polar ra in .  Furthermore, we have found these 
suprathermal eledtrons t o  be extremely important i n  mapping the  topol r  
ogy of distant geomagnetotail f ie ld  lines. 
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Scopy of Work 

The p r i m a r y  f o c u s  of t h i s  program is s t u d i e s  of t h e  high temperature 
and high pressure  hydrothermal and igneous processes that  c o n t r o l  heat and 
material t r a n s p o r t  i n  the earth's c rus t .  O u r  goal is t o  a t t a i n  an under+ 
s tanding  of these processes tha t  is s u f f i c i e n t  for model ing t h e  e v o l u t i o n  
of n a t u r a l  s y s t e m s  p e r t i n e n t  t o  DOE magma/hydrothermal energy programs. 
S tudies  of phase e q u i l i b r i a ,  c r y s t a l l i z a t i o n  k i n e t i c s  and e l e m e n t  par- 
t i t i o n i n g  are conducted i n  rockPforming-s i l ica te  melt systems t o  12OO0C and 
.4 kb us ing  facil i t ies developed t o  perform these experiments under cont ro l+  
l e d  r e d o x  condi t ions.  Aqueous systems are inves t iga t ed  a t  temperatures of 
6OOOC and 1.4 kb  w i th  a unique array of hydrothermal faci l i t ies  tha t  permit 
s t u d y  of metal hydro lys is ,  mineral  s o l u b i l i t i e s ,  acid ion iza t ion ,  a c t i v i t y  
c o e f f i c i e n t s ,  isotopic exchange and r e a c t i o n  k ine t i c s .  I n  the past year ,  a 
s i g n i f i c a n t  p o r t i o n  of t h i s  program has been devoted t o  f i e l d  s t u d i e s  i n  
volcanic  t e r r a n e s  of Ca l i fo rn ia  and New Mexico and i n  c r y s t a l l i n e  rocks of 
the Southern Appalachians. Theoretical modeling complements t h e  experimen- 
t a l  and f i e l d  approaches  by e x t e n d i n g  t h e  d a t a  t o  e x p e r i m e n t a l l y  
i n a c c e s s i b l e  PcTcX r e g i o n s  and by e s t a b l i s h i n g  the cri t ical  r e l a t i o n s h i p  
between complex n a t u r a l  processes and e x p e r i m e n t s  . Stable  i so topes  are 
used  e x t e n s i v e l y  t o  s t u d y  d i f f u s i o n  i n  melts, r e a c t i o n  k i n e t i c s  and the 
provenance and f l u x  of f l u i d s  i n  n a t u r a l  systems. Recent r e s u l t s  of t h i s  
program have p rov ided  a q u a n t i t a t i v e  understanding of i r o n  redox k i n e t i c s  
i n  s i l i ca te  melts; the v a r i a t i o n  of f e r r o u s ' f e r r i c  r a t i o s  i n  r h y o l i t e  
l a v a s ;  t he  r o l e  of o rgan ic  complexes i n  mobil iz ing metals i n  hydrothermal 
regimes; and t r anspor t  and depos i t ion  of metals i n  hydrothermal systems. 

A. Geochemistry of C r u s t a l  Processes t o  High Temperatures and Pressures 
(R.  E. Mesmer, M. T. Naney, D. R. Cole, D. Wesolowski, D. A. Palmer, S. 
E. Drummond) 

Fe" - Fe2+ Variat ions i n  Rhyolite Lavas 

Development of models for p red ic t ing  the physical and chemical s ta te  of 
magma bodies beneath volcanic  cen te r s  w i l l  a i d  p r a c t i c a l  u t i l i z a t i o n  of 
magmawhydrothermal energy. The usefulness  of geochemical data obtained 
by surface sampling as input  for these models is l i m i t e d  by knowledge 
of t h e  e x t e n t  t o  which t h e  e r u p t i o n  process modi f ied  t h e  chemical 
properties of magma. DOE-sponsored C o n t i n e n t a l  S c i e n t i f i c  D r i l l i n g  
Program (CSDP) p ro jec ts  are provid ing  t h e  oppor tuni ty  t o  expand t h i s  
knowledge for s i l i c i c  magma systems by sampling both rhyo l i t e  d i k e s  and 
associated e x t r u s i v e  un i t s .  
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One parameter p o t e n t i a l l y  affected by the  e rup t ion  process is oxida t ion  
state. The oxida t ion  s ta te  of g lassy  volcanic  rock c a n  be i n d i c a t i v e  
of the T + fo condi t ions  p reva i l i ng  i n  the  precursor magma a t  the  time 
of quenching.2 However, the ferrous9ferric r a t io  of the  magma i s  sub& 
j ec t  t o  a l t e r a t i o n  dur ing  e rup t ion  and subsequent cooling. The ex ten t  
of a l t e r a t i o n  is a func t ion  of the redox r e a c t i o n  mechanism and reacr 
t i o n  k i n e t i c s .  A one mosphere experimental  s tudy of changes i n  the 
f e r r o u s a f e r r i c  ra t ios  of s i l icate  l i q u i d s  as a func t ion  of time (unde r  
c o n t r o l l e d  T F fo c o n d i t i o n s )  i n d i c a t e s  t ha t  r h y o l i t e  melts are unb 

This experimental  r e s u l t  leads t o  t h e  
hypo thes i s  tha t  t he  f e r r o u s e f e r r i c  ra t io  of fresh, glassy rhyol i te  can 

A unique  oppor tuni ty  t o  t'est t h i s  hypothesis  w a s  provided by DOE spon8 
sored CSDP projects tha t  provided core material from n e a r l y  complete 
s e c t i o n s  t h r o u g h  r h y o l i t e  flows a t  Inyo Danes, CA and Valles Caldera, 
NM. Core samples have been-analyzed by a micro+colorim$tric method for 

' Fez+ and  t o t a l  Fe c o n t e n t .  The broad r a n g e  of Fe2  /Fe( tot)  va lues  
measured i n d i c a t e s  that  rocks from d i f f e r e n t  por t ions  of the flows and 
feeder condu i t s  sampled have experienced varying degrees of oxidat ion.  
The p a t t e r n  of oxida t ion  is' systematic and can be re la ted  t o  t h e  sub+ 
solidus cool ing h i s to ry .  

Fresh glasses from flows (tops~interi?rs~bottoms) and t h e  d i k e  margin  
from Inyo  Domes a l l  have similar Fez /Fe( tot)  ratios ranging from 0.62 
t o  0.75. I n  add i t ion ,  r a p i d l y  quenched tephra glasses that  are contern6 
poraneous  w i t h  t h e  Inyo  bomes cope samplfs have e s s e n t i a l l y  the same 
v a l u e  fi 0.74. Materials w i t h  lower F e 2  / F e ( t o t )  v a l u e s  h a v e  ex., 
p e r  i e n c e d  v a r  n g  'degrees  o f  O x i d a t i o n  d u r i n g  s u b s o l i d u s  
d e v i t r i f i c a t i o n  The flow i n t e r i o r s  and b u l k  of t h e  feeder d i k e  
materials sampled a re  c r y s t a l l i n e  and have microscopic t e x t u r e s  that  
a r e + c o n s i s t e n t  w i t h  s u b s o l i d u s  c r y s t a l l i z a t i o n .  These ropks have 
Fe2  / F e ( t o t )  t h a t  c l u s t e r  n e a r  0.50. The most oxidized Fe2 /Fe(tot)  
va lues  (approxiqat ing 0.15) were observed i n  samples of l i t h o p h y s a e .  
The uniform- Fe2 /Fe(tot) va lues  of w h a t  appear t o  be fresh g la s sy  rocks 

- that have-experienced d r e n t  cool ing histories a t  Inyo  Domes (flow 
- t o p s b i n t e r i o r s  and bo s; condui t  d ike  margin; and a i r  f a l l  tephra)  

are cons' istent w i th  the hypothesis  developed from experimental  s t u d i e s  

\ -  4 '  

I 

-changed after 5 days a t  1243OC. 

the ox ida t ion  s ta te  of the parent  magma. 

" 

n redox k i n e t i c  

I n  genera l ,  rocks sam from the Banco Bonito rhyol i te  s e c t i o n  of the 
Valles Caldera coreho ve experienc f i c a n t  ox ida t ioq  compared 
t o  t h e  Inyo  Domes samples. t e d  i n  t h e  Fe2  /Fe ( to t )  
values  measured, the H20 contents  of samples measked by H. R. Westrich 
(SNL) and petrographic observat ion.  ' D e s p i t e  t h e  p e r v a s i v e  o x i d a t i o n  
observed i n  core samplesz surface outcrop  obs id ian  samples of the Banco 
Bonito rhyol i m i l a r  t o  those  of fresh 

T h i s  i s  
I 
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a 1  a ,  

glass samples a t  Inyo  Domes 0.62 t o  0.71. These are  t h e  h i g h e s t  
v a l u e s  obse rved  i n  t he  s u i t e  of Banco Bonito samples measured and may 
r ep resen t  r e l a t i v e l y  una l te red  material that reflects the p r e r e r u p t i o n  
F condi t ion i n  the magma chamber. 

O r i g i n  of Microlites i n  h y o l i t e :  An Example  from I n y o  Domes, 

02 

. Cal i fo rn ia  
. >  

Microlites having a n  a v e r a g e  l e n g t h  of 7 t o  10 pm are  a 
cons t i t uen t  of obs id ians  from the CSDP coreholes d r i l l e d  a t  Inyo Domes, 
CA. SEWEDX s t u d i e s  suggest  that  the microlites are dominantly b i o t i t e  
and ho rnb lend  w i t h  t a b u l a r  and skeletal habits.  Statist ical  a n a l y s i s  
of the s i z e  d i s t r i b u t i o n  of microlites does not  show any s i g n i f i c a n t  (a 
= 0.99) d i f f e r e n c e  be'tween samples cooled r e l a t i v e l y  quickly (a t  the 
base or d i s ta l  pro t ions  of the o b i s i d i a n  f low)  and  those cooled more 
s l o w l y  ( i n  t h e  flow i n t e r i o r  or n e a r  t h e  vent) .  This  suggests  tha t  
c r y s t a l l i z a t i o n  of the microlites is independent of t h e  pos t ' e rup t ive  
c o o l i n g  h i s t o r y  and t h a t  the  microlites crystall ized pr ior  t o  e rupt ion  
of  the  ob i s id i an .  

Other l i n e s  of ev idence  are cons i s t en t  with the pre-eruption c r y s t a l L  
l i z a t i o n  of the  microl i tes .  ( 1 )  A i rh fa l l  t ephras  r e p r e s e n t  t h e  
e a r l i e s t  e r u p t i o n  p r o d u c t s  of t he  Inyo  sys t em and g l a s s  from these 
tephras  conta ins  microlites. The H20 content  (1.5 w t  8 )  of White Wing 
t e p h r a  glass e r u p t e d  from the G l a s s  Creek vent  is higher than tha t  of 
contemporaneous, but  postrtephra, massive obs id ian  erupted 1.5 km nor th  
a t  Obs id i an  Dome (0.1 w t  8 )  , sugges t ing  that  t he  tephra g l a s s  reprei. 
s e n t s  quenched, undegassed magma. The presence of microl i tes  in t h i s  
H,O t ephra  glass  is cons i s t en t  wi th  prererupt ion  c r y s t a l l i z a t i o n .  (2) 
I n  t h e  flow i n t e r i o r ,  m i c r o l i t e r d e f i n e d  f l o w  b a n d i n g  is c u t  by 
d e v i t r i f i c a t i o n  t e x t u r e s  tha t  are related t o  the postperupt ive cool ing  
of t h e  o b s i d i a n .  ( 3 )  The p r e s e n c e  of hydrous  phase microli tes is 
cons i s t en t  wi th  c r y s t a l l i z a t i o n  from a hydrous melt and is not  expected 
a t  t h e  s u r f a c e .  (4) C r y s t a l l i z a t i o n  of b i o t i t e  and /o r  h o r n b l e n d  
without p lag ioc lase ,  s an id ine ,  or qua r t z  is not c o n s i s t e n t  wi th  200 and 
800 MPa equi l ibr ium c r y s t a l l i z a t i o n  experiments wi th  low H,O (e.g., 0.1 
w t  $1 model r h y o l i t i c  melts, b u t  is c o n s i s t e n t  with 200 and 800 MPa 
nonPequilibrium c r y s t a l l i z a t i o n  experiments  conduc ted  a t  moderate t o  
h i g h  undercool ing.  These observa t ions  from n a t u r a l  obs id ians ,  and from 
experiments suggest  tha t  the microlite assemblages c r y s t a l l i z e d  pr ior  
t o  s u r f  ace e x t r u s i o n  under  non;equilibrium condi t ions  i n  response t o  
moderate or  h i g h  u n d e r c o o l i n g .  A l i k e l y  mechanism t o  produce t h e  
n e c e s s a r y  u n d e r c o o l i n g  is t he  melt composi t iona l  change that  accom;! 
panies  the onse t  of degassing. 

Careful  cha rac t e r i za t ion  of microlite -assemblages i n  rhyol i tes  combined 
w i t h  da ta  from e x p e r i m e n t a l  s t u d i e s  of b o t h  e q u i l i b r i u m  a n d  nonh  
e q u i l i b r i u m  c r y s t a l l i z a t i o n  is s i l i c i c  melt systems has the p o t e n t i a l  
t o  provide a method for d e c i p h e r i n g  t h e  k i n e t i c s  of magma d e g a s s i n g  
processes i n  s i l i c i c  magmakhydrothermal systems. 

i 
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Sulfur  Mobil i ty  i n  Sil icate Melts 

We have conducted experiments tha t  address the  q u e s t i o n s  of 
and I n  what form s u l f u r  migrates through s i l i ca te  m and is exsolved 
i n t o  the atmosphere. Sul fur  di?sorptlon ( e x s o l u t i o  
been conducted  a t  h igh  temperatures ( 1  t m ,  and varying 
o x i d a t i o n  s ta tes  (QFM ,and N i N i O )  for a l t - l i ke  melts.  Our da t a  
i n d i c a t e  that s u l f u r  exsolu t ion  is an extremely rap id  process, wherein 

t o t a l  su l fu r  o r g i n a l l y  d isso lved  i n  the melt is l o s t  i n  
- A t  h i g h  temperat es ( 1 3 O O 0 C ) ,  t h i s  'rate is s l i g h t l y  

oxida t ion  s ta te  nd i t ions ,  whereas at  lower tempera- 
ture (12OO0C), t h i s  t r end  is reversed. Appar@F7giffusion coeffic@n$! 
estimated from these data range fib-about i'0 
cm2/sec a t  1 a c t i v a t l o n  e n e r g y  of 54.8 kcal/mole. 
Application of y proved  . u n s u c c e s s f u l  i n  iden& 
t i f y l n g  t h e  form of s u l f u  e q u e n c h e d  g l a s s .  However ,  
thermodynamic c a i c u l a t i o n s  P u g g e s t  the form of s u l f u r  s h o u l d  be 
d o N n a n t l y  as s u l f a t e  (S0,l-I for oxygen f u g a c i t i e s  greater than  bout 
10 atm. These data w i l l  prove u s e f u l  In a s s e s s i n g  t h e  e f f e c t s  of 
c r u s t a l k d e r i v e d  s u l f u r  i n  our env i ronmen t ,  as  well as enable  us t o  
q u a n t i f y  t h e  p of v o l a t i l e  e x s o l u  on,  from a c t i v e  v o l c a n i c  
s ys tern s . 

a t  12OOoC t o  10 

HlghPvalence s t a t e  e l e m e n t s  such as W 6 + ,  Mo* + , C r .  6+ , ~ ~ 7 + ,  s6' 

and " other i ipo t geochetical trager *and r a d i o n u c v  m a t o g  elements 
' e x i s t  as okyan ions  ( W 0 , 2  , C . f 0 4 2 h ,  TcO, , SO,2 ) and t h e i r  
protanated and polynuclear for f l u i d s .  Our s t u d i e s  
of these species commence yd ro lys i s  and continue 
with CrOb2 . 

1 NaCl s o l u t i o n s  w a s  s t u d i e d  
centPat ions of 0.001 t o  0.03 . Reductlpn*of C r 6  to  C r '  . C r 0 . 2 b ' f s  t h e  dominant 
us so lu t ions .  This spec ie s  

I 
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, c .: 

The equilibrium quotients relating these species have been accurately a t  

a .  

determined over a wide range of -temperature and ion ic  s t rengths  a t  
pressures near vapor sa tura t ion ,  and the thermodynamic parameters of 
the hydrolysis reactions have been computed. The+temperatqe and ionic 
s t rength dependences of- the reactions C r 0 , 2 4  + H -5 HCrO, and WO" == 
HW, are remarkably similar. These results are u s e f u l  i n  predicting 
the behavior of p e l  other t r a n s i t i o n  metal oxyanions l i s ted  above, 
particularly 

Formation Constants for Aqueous Ferrous Acetate Complexes a t  Elevated 
Temperatures and Pressures from Magnetite Solubility Experiments 

Our  p rev ious  r e s u l t s  on the k ine t ics  of ace t a t e  decarboxylation 
demonstrated t h a t  ace ta te  is  s u f f i c i e n t l y  s t a b l e  below 3OOOC t o  be 
effective i n  transporting metals i n  hydrothermal solutions by enhancing 
the kolubi l i ty  of minerals through complexation. The overall react  ion 
s tudied t o  evaluate metalcacetate formation constants i s  expressed by 
the general reaction: 

Fe 0 (magnetite) + 2 CH COOH -- Fe(CH3COO)n 2r.n 
3 4  3 

P 
+ (2cn)CH COO + H20 + Fe20g (hematite). 3 

The experiments cover a range from 10Oo+25O0C, 250*12$0. b a r s  and 
CH COO concentrations from 0.005 t o  1.0 m and indicate that the first 
ana second ferrous acetate complexes (i.e., n = 1 and 2 f o r  the  above 
reac t ion)  dominate over t h i s  e n t i r e  range of conditions. The data 
i l lus t ra te  that the solubili ty of magnetite i n  acetate solutions varies 
i n  a simple and regular manner wi th  changes i n  temperature, pressure 
and composition and that the  random error i n  the measurements i s  aobut 
0.05 log uni t s .  A comparison of these data for the  ferrous acetate 
complexes wi th  l i terature  data for+the chloride complexes shows tha t  
the forqation constant of FeCH,COO is about 100 times larger than that 
of FeCl , and that Fe(CH,COO), is favored by a f ac to r  of 10,000 over 
FeC1,. Consequently, these data lend credibil i ty t o  the hypothesis 
that organic complexes are responsible for the  m o b i l i t y  of metals i n  
some hydrothermal systems, pa r t i cu la r ly  i n  sedimentary basins where 
measured ace t a t e  l e v e l s  reach 0.1 m ,  and i n  any s e t t i n g  where a 
hydrothermal f l u i d  has access to  organic material. The implications of 
these data for radioactive waste disposal, secondary permeability i n  
petroleum resorvoirs ,  and corrosion in steam generators, among other 
geologic and industrial processes, are s u f f i c i e n t  t o  warrant fur ther  
i n v e s t i g a t i o n s  of o rgan ic  complexing of metals i n  hydrothermal 
solutions. 
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Direct Comparison of t h e  F o r m a t i o n  C o n s t a n t s  f o r  Complexes  o f  
Hydrolyz ing  and NonrHydrolyzing Ligands a t  Elevated Temperatures by 
HydrogenrElectrode EMF Techniques 

0 '  

--___---1--1--1--1--_--- ----- 

P r e l i m i n a r y  expe r imen t s  i n  t h e  aqueous Fe2+nCH,C00n-NaC1 system show 
that: (1 )  EMF techniques are capable of producidg  a c c u r a t e  data for 
metal complexes;  (2) t he  method is inherent ly  more accurate and much 
easier than conventional s o l u b i l i t y  methods; (3 )  t h e  method c o u l d  be 
used t o  advantage  w i t h  spectral  t e c h n i q u e s  t h a t  could r e s o l v e  the 
i d e n t i t y  of the spec ies ;  (4 acetate complexes of Iron are indeed  much 
s t r o n g e r  t h a n  t h e  ana logous  chloride complexes;  ( 5 )  t h i s  method is 
amenable t o  measurements ift any system wherein t h e  t o t a l  metal con- 
c e n t r a t i o n  can  exceed 10 ' m and the d i f fe rence  between the formation 
constants  of the hydrolyzing and non-hydrolyzing 1 igand do n o t  exceed 
about 3 orders of magnitude. 

It is highly advantageous  t o  u s e  a non-complexing, non-hydrolyzing 
e l e c t r o l y t e  as a s u p p o r t i n g  medium f o r  s t u d i e s  of the complexing of 
metals with hydrolyzing l igands i n  the absence  of competing l i g a n d s .  
We cur ren t ly  are experimenting with sodium trifluoromethanesulfonate as 
a nonFcomplexing e lectrolyte .  The r e su l t s  a t  t h i s  j u n c t u r e  a r e  
encourag ing  and ,  i f  s u c c e s s f u l ,  w l l l  allow t h i s  EMF technique t o  be 
e l e v a t e d  from a re la t ive  t o  an  a b s o l u t e  method for  m e a s u r i n g  t h e  
s t a b i l i t y  c o n s t a n t s  of complexes t h a t  mobilize metals i n  geothermal 
systems, petroleum rese rvo i r s  and waste r epos i to r i e s .  

Mine ra l  Growth Rates and The i r  Application t o  Quant i fying Geological 
Systems I 

The purpose  of t h i s  i n v e s t i g a t i o n  is t o  eva lua te  t he  growth rates of 
crystals (planar  for s implici ty)  from either s o l u t i o n s  or melts for a 
l i n e a r  ra te  o f  cool ing .  We have used a f i n i t e  d i f f e rence  s o l u t i o n  t o  
quant i fy  growth rates for simple g e o l o g i c a l ~ a n a l o g  s y s t e m s  where t h e  
s o l u t i o n s  and g r a n i t e  melts. For cases where the  sur face  k i n e t i c s  are 
slow compared . t o  t he  d i f f u s i o n  o f  components- t o  t h e  surface (i .e. ,  
q u a r t z  i n  hydro thermal  s o l u t i o n s ) ,  the growth rate tends t o  increase  
l i n e a r l y  wi th  time. On the o t h e r  hand, for  case$ where t h e  s u r f a c e  
k i n e t i c s  are  r a p i d l y  compared with d i f fus ion  ( lee. ,  quar tz  i n  melts), 
the  growth rate is proport ional  t o  the square r o o t  of time. Regardless 
o f  t h e  sys t em,  fas t  cooling rates cause nonalinear growth r a t e s  after 
extended times. This  effect is amplif ied f o r  phases wi th  s o l u b i l i t i e s  
which are h i g h l y  temperature  dependent. With a knowledge of the com- 
p o s i t i o n  of t he  s y s t e m ,  i t s  c o o l i n g  h i s t o r y  ( e . g . ,  from f l u i d  
inc lus ions ) ,  and the s i z e  of ind iv idua l  mineral graihs, ,we can use t h i s  
model t o  q u a n t i f y  t h e  d u r a t i o n  of  t he  d e p o s i t i o n a l  process. T h i s  
approach  w i l l  prove u s e f u l  i n  q u a n t i f y i n g  mineral deposi t ion i n  the 
pores or f r a c t u r e s  of  impor t an t  g e o l o g i c a l  sys t ems  such as o i l  and 
n a t u r a l  g a s  r e s e r v o i r s ,  geothermal f ields,  nuclear waste r epos i to r i e s ,  
and cool ing magma chambers. 
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Modeling of Stable I s o t o p i c  Exchange Between Minerals and F lu ids  DGifig 
Simultaneous Diffusion and Chemical Reaction 

Heretofore,  i s o t o p i c  exchange i n  n a t u r a l  systems has  been modeled f o r  
c o n d i t i o n s  where only one mechanism was thought t o  p r e v a i l ,  i.e., only 
d i f f u s i o n  or only surface reac t ions .  It is clear, however,  t h a t  many 
geologic  systems involve f luiddmineral  i n t e r a c t i o n  where both processes  

‘occurred simultaneously.  I n i t i a l l y ,  we chose t o  model oxygen i so top ic  
exchange between K-feldspar (of s p h e r i c a l  geometry) and a 0.1 m N a C l  
s o l u t i o n  where the sur face+reac t ion  mechanism for  i s o t o p e  exchange is 
first order, r e v e r s i b l e ,  and many times faster than  exchange accompany* 
ing d i f fus ion .  When the  surface r e a c t i o n  is very r a p i d ,  w e  can  assume 
t h a t  t h e  immobilized component .(new phase )  is akways i n  equi l ibr ium 
wi th  the component free t o  d i f f u s e  ,(i.e., H;O or OH 1, and d i f f u s i o n  is 
the  r a t e b c a n t r o l l i n g  process. . The most i n t e r e s t i n g  r e s u l t  of these 
c a l c u l a t i o n s  i s  t h a t  t h e  o v e r a l l  diffus’ ion process coup led  wi th  a 
s u r f a c e  r e a c t i o n  is. slower t h a n  t h e  ’ s imple  d i f f u s i o n  p r o c e s s  by a 
factor of about (K’ + 1 1 ,  where Kf is the  equi l ibr ium isotope p a r t i t i o n  
r a t io  between so l id  and s o l u t i o n  c o r r e c t e d - f o r  concentrat ion.  Thus, a t  
65OOC and a g ra in  radium of 0.022 cm, .an i s o t o p i c  e q u i l i b r a t i o n  time of 
abou t  3000 years i s  o b t a i n e d  compared ’ to  o n l y  a b o u t  300 y e a r s  for 
s imple d i f fus ion .  -Using t h i s  isotopic“ a p p o a c h ,  we can estimate t h e  
dura t ion  of f lu idgrock  i n t e r a c t i o n  i n  geothermal and magmarhydrothermal 
sys tems . 
Stable Isotope Geochemistry of Carbonates i n  the Brevard Fau l t  Zone 

The leading  candida te  for  the first u l t radeep  0 1 0  km) CSDP borehole is 
t h e  ADCOH s i t e  i n  no r thwes te rnSau th  Carol ina and is intended t o  tes t  
the thin’skinned t e c t o n i c s  hypothesis  suggested by r e c e n t  mapping and  
COCORP seismic p r o f i l i n g .  According t o  t h i s  theory,  t h e  Blue Ridge 
t h r u s t  extends southeastward as a subhorizontal  detachment zone beneath 
t h e  c r y s t a l l i n e  Blue Ridge and Piedmont Terranes.  The Brevard Fau l t  
zone is bel ieved t o  be a s p l a y  off t h i s  major sole  t h r u s t .  The ADCOH 
d r i l l  s i t e  is targeted t o  i n t e r c e p t  the Brevard Fau l t  a t  approximately 
4 km, and the Blue Ridge Thrust a t  7-8 km. 

Tectonic sl ices of massive dolomitic marble occur a t  s e v e r a l  locali t ies 
along the  Brevard Faul t .  These are bel ieved t o  r ep resen t  f r agmen t s  of 
t h e  C a m b r o g O r d o v i c i a n  platform c a r b o n a t e  sequence  which seismic 
evidence sugges ts  unde r l i e s  the c r y s t a l l i n e  t h r u s t  sheets. A t h i n  b u t  
l a t e r a l l y  ex tens ive  stratigraphic sequence of graphi t ic  schists a t  t h e  
base of the Chauga River B e l t  has a p p a r e n t l y  acted as t h e  locus f o r  
Brevard  F a u l t  zone displacements. This sequence -conta ins  a number of 
t h i n  but l a t e r a l l y  ex tens ive  calcite marble horizons.  

S t a b l e  ca rbon  and oxygen i so tope  a n a l y s e s  were performed on over 90 
samples of the t e c t o n i c  s l ice  and Chauga -River c a r b o n a t e s ,  a s  w e l l  as 
r e p r e s e n t a t i v e  u n i t s  of t he  Cambro”0rdovician p l a t f o r m  carbonates.  
The carbon and oxygen i s o t o p i c  s i g n a t u r e s  of t h e  Shady and Conasauga 
samples  are  w i t h i n - t h e  normal range for unmetamorphosed Cambrian carW 
onates  worldwide. The Knox Croup appear8 t o  be somewhat deple ted  
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i n  "C, bu t  is with in  the normal oxygen r a n g e .  The Chauga R ive r  and 
s l i c e  c a r b o n a t e s  are  d i s t i n c t l y  anomalous, being s t r o n g l y  deple ted  i n  
both ''C and "0. 

Mathematical model ing demonstrates t h a t  the s t r o n g  'C and "0 deple- 
t i o n  of the sl ice and Chauga River carbonates could have r e s u l t e d  from 
open sys t em exchange wi th  an i n f i l t r a t i n g  hydrothermal f l u i d  a t  water' 
rock mass r a t i o s  of a round 1 3. Two t y p e s  of f l u i d s  c o u l d  h a v e  
produced t h e  o b s e r v e d  t r e n d s  -- - 3 O O O C  f l u i d s  w i t h  i n i t i a l  carbon 
(6"CPDB) and oxygen ( 6 l  *O i s o t o p i c  compos i t ions  of -10 and 2 
pe rmi l ,  r e s p e c t i v e l y ;  or -?!%& f l u i d s  with.  carbon and oxygen isotopic 
compositions of a10 and -5 pe rmi l ,  r e s p e c t i v e l y .  The flrst t y p e  of 
f l u i d  c o u l d  have been. produced during dewatering of the shelf  sequence 
associated w i t h  Alleghenian ove r th rus t ing .  The second  t y p e  of f l u i d  
c o u l d  r e p r e s e n t  a deeply  c i r c u l a t i n g  (567 km) groundwater of meteoric 
o r i g i n .  The carbon i s o t o p i c  compos i t ions  of the  v a r i o u s  c a r b o n a t e  
units appear t o  be a usefu l  tool for c o r r e l a t i o n  purposes. 

Oxygen a n d  U d r o B e n  I so toEe  S y s t e m a t i c s  i n  G e o t h e r m a l  a n d  
Magma/Hydrothermal Regimes (D. Wesolowski) 

------ --- -------- --- ........................... 
Se lec t ion  of a number of g r a n i t o i d s  i n  t h e  S o u t h e r n  Appa lach ians  as 
p o t e n t i a l  high l e v e l  waste r e p o s i t o r y  sites has focused a t t e n t i o n  on 
the i r  i n t r u s i v e ,  hydrothermal and metamorphic  h i s t o r i e s .  An oxygen 
isotope survey of g ran i to ids  of the reg ion  has revealed a large area of  
t h e  S l a t e ,  Raleigh and E a s t e r n  S l a t e  Beits of North C a r o l i n a  a n d  
V i r g i n i a  i n  which t h e  g r a n i t o i d  p l u t o n s  e x h i b i t  anomalously low and 
h ighly  v a r i a b l e  whole-rock 6!"0 values.  Many of the g r a n i t o i d s  i n  t h e  
s t u d y  area have G1 '0 .va lues  l ess  t h a n  6 permil, w i th  s e v e r a l  i n  the 
r a n g e  -1 t o  3 p e r m i l .  These v e r y  low and h i g h l y  v a r i a b l e  o x y g e n  
i so tope  s i g n a t u r e s  are i n d i c a t i v e  of ex tens ive  exchange of the in t ru -  
s ions  wi th  isotopical ly  depleted waters of either meteoric o r  r e g i o n a l  
metamor phi c o r i g i n .  

The granitoids of the main Slate Belt, inc luding  t h e  H i g h p o i n t ,  P a r k s  
Crossroads, Roxboro, Vance County  and  Bur k e v i l l e  p lu tons  are lower 
Cambrian i n  age and e x h i b i t  shal low,  s u b v o l c a n i c  character is t ics .  
Thus,  t he  d e p l e t e d  oxygen i s o t o p i c  s i g n a t u r e s  of these i n t r u s t i o n s  
could be explained as having r e s u l t e d  from the  shallow (1&2 km) c i r h  
c u l a t i o n  of heated, i s o t o p i c a l l y  deple ted  meteoric waters so common i n  
such s e t t i n g s  throughout geologic time. The o c c u r r e n c e  of numerous 
nvolcanic  exhala t ive"  base and precious metal and py rophy l l i t e  deposits 
i n  t h i s  region are evidence of in t ense  hydrothermal c i r c u l a t i o n  i n  t h e  
v o l c a n i c  c o u n t r y  rocks s u r r o u n d i n g  t h e  g ran i to ids .  The Raleigh and 
Eastern Slate Belts both con ta in  s t r o n g l y  deple ted  granitoids which are 
bel ieve0 t o  be Alleghenian i n  age (-600 mi l l i on  years  ago). 

If these i n t r u s i v e s  were s u b v o l c a n i c  and  associated w i t h  meteoric 
hydrothermal a l t e r a t i o n ,  then one might expect some coeval Alleghenian 
sediments or volcanics  i n  the area. No sedimentary o r  v o l c a n i c  rocks 
of t h i s  age have been reported from either the Raleigh or Eastern Slate 
Belt. Another p o s s i b i l i t y  is that the Alleghenian i n t r u s i v e s  assimid 
lated isotopically depleted s la te  be l t  volcanics  during in t rus ion .  
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A. Chemical Migration by Contact Metamorphism B - Rock (J. C. Laul) 
t reen Pegmatite c C u n t r y  

The major ob jec t ives  of t h i s  research program are t o  g a i n  a q u a n t i t a -  
t i v e  understanding of chemical migration during contac t  metamorphism i n  
d ive r se  geologica l  media and t o  understand aqueous f l u i d  e v o l u t i o n  i n  
g r a n i t e  p e g m a t i t e s  and c o u n t r y  rock systems. The s tudy  inc ludes  the  
understanding of d i s p e n s i n g  s o l u t i o n s  d e r i v e d  from pegmatites, and  
composition and evolu t ion  of the so lu t ions .  While the s tudy  focuses  on 
some f o r t y  major, minor and trace e l emen t s ,  spec i f i c  emphases are  on  
t h e  rare earth e l e m e n t s  (REE) and Bas S r ,  K ,  Rb, C s ,  As, Sb, Pb, C1, 
Z r ,  H f ,  N i ,  Th, and U. The trace e l e m e n t s  s t u d y  may e n a b l e  u s  t o  
u n d e r s t a n d  and predict  the long-term (103;5107 year )  behavior and move" 
ment of r a d i o n u c l i d e  i n  d i v e r s e  g e o l o g i c  media o v e r  a r a n g e  of 
temperatures pe r t inen t  t o  nuclear  waste. 

The geological s i t e  under s tudy  is pegmatite-country rocks i n  the  Black  
H i l l s ,  South Dakota. Five d i f f e r e n t  pegmatites are t o  be addressed (a)  
composition of f l u i d s ,  ( b )  c a p a b i l i t y  of dispensing f l u i d s  i n t o  country 
rocks ,  and  ( c )  p a r t i t i o n i n g  of mobile elements between mineral  phases 
and f l u i d s  d e r i v e d  from pegmatites.  Chemical s t u d i e s  of t h e  T i n  
Mountain,  Etta, Bob I n g e r s o l l ,  and Peerless pegmatites show tha t  there 
is v i r t u a l l y  no migrat ion of REE, A l ,  V, Sc, C r ,  H f ,  and  Th e l e m e n t s .  
On t h e  other hand,  e l e m e n t s  K ,  L i ,  Rb, C s ,  As, Sb, Zn, and Pb have 
migrated 4 t o  90 meters. The degree of migrat ion v a r i e s  depend ing  on  
t h e  e l emen t .  M i n e r a l s  b iot i te  and muscovite are e f f e c t i v e  trace el# 
ment t raps  for  L i ,  F, Rb, and C s .  The REE concentrat ion i n  biot i te  and 
muscov i t e  i n  a l l  pegmatites are high and indigenous. Similar types  of 
chemical s t u d i e s  i n  other p e g m a t i t e s  emphas iz ing  m i n e r a l s  such as  
apatite and tourmaline as a recorder of m e l t l f l u i d  evolu t ion  are p a r t l y  
complete. The REE concentrat ions i n  tourmalines are very low, i n d i c a t r  
i ng  their  p a r t i t i o n  c o e f f i c i e n t s  i n  tourmalines are q u i t e  low. The REE 
p a t t e r n s  i n  tourmalines are s e v e r e l y  f r a c t i o n a t e d  from l i g h t  REE t o  
heavy REE, which reflect the progressive change i n  t h e  composition of 
the  pegmatite's f l u i d  phase dur ing  c r y s t a l l i z a t i o n .  Some t o u r m a l i n e s ,  
b io t i tes  and muscovites e x h i b i t  p o s i t i v e  Eu anomalies, some negat ive  Eu 
anomalies, and some show no Eu anomal i e s .  The v a r y i n g  d e g r e e  of Eu 
a n o m a l i e s  r e f l ec t  t h e  degree of redox s ta te  of the f l u i d  environment. 
An inves t iga t ion  is being made as t o  whether  there  were m u l i t p l e  o r  
s i n g l e  ep i sodes  of f l u i d  migrat ion i n t o  the country rocks. The chemie 
cal data on some 40 major, minor and t race e l e m e n t s  are o b t a i n e d  by 
n e u t r o n  a c t i v a t i o n  a n a l y s i s  ( I N A A  and R N A A ) ,  atomic adsorp t ion  and x i  
r a y  f luorescence.  



. *  b *  

This study is i n  collaboration with J. ‘3. Papike of South Dakota School 
of Mines and Technology, Rapid C i t y ,  South Dakota, who w i l l  obtain 
mineralogic and petrologic data on the same samples. 

. . .  
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Scope of Work 

Since 1976, PNL has been conducting research in areas of remote sens- 
i n g ,  image processing, and computer graphics most relevant to the 
geoscientific interests of the Department of Energy. The goal of this task 
is to develop practical , interactive computer techniques for processing, 
analyzing, and displaying combinations of remote sensing and geosciences 
data so scientists can interpret more complex data combinations, more 
completely and more rapidly. Successful techniques are being integrated 
into basic research and technology programs involving resource discovery, 
energy development, environmental conservation, and the national security 
objectives of the Department of Energy. 

The current scope of research responsibilities involves: 

(A) Maintaining cognizance and acquiring appropriate remote sensing 
and geoscience data sets to support continuing research efforts. 

(B) Upgrading computer capabilities (hardware and software) , as re- 
quired, to advance the state of the art in digital processing, 
analysis, and display of remote sensing (imagery) and geosciences 
(point, line, and map) data. 

(C) Demonstrating and applying experimentally developed techniques 
within basic research and technology programs internal and exter+ 
nal to DOE. 

A. Remote Sensing: Geoscience Data Analysis and Integration (G. E. 
Wukelic, H. P. Foot, J. R. Eliason, J. E. York) 

Remote Sensing and Geosciences Data Base Expansion 

Additional Landsat 5 Thematic Mapper (TM) data of interest to this 
geosciences task are now being acquired for PNL by the Earth 
Observation Satellite Company (EOSAT). Acquisition emphasis is on the 
CSDP sites, the Hanford site, Yellowstone National Park, and the Diablo 
Canyon nuclear power plant. Also, during 1985 conventional imagery 
from Seasat for Long Valley, California, were acquired and processed. 
We have also acquired an experimental data set from NASA's airborne 
Imaging Spectrometer (AIS) for processing, and plan to secure samples 
of SPOT stero data for sites of interest during the no-fee period for 
requesting SPOT acquisitions in 1986. 

\ 
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Also during the p a s t  year ,  PNL has acquired over 40% ~' (17  q u a d r a n g l e s )  
of h i g h F r e s o l u t  i o n  ( 1 : 24,000 scale) topographic data for  the Hanford 
s i te ;  and we are at tempting t o  ob t  a: similar data'set for the e n t i r e  
Washington S ta t e  Cascade Range . e c o n t i n u e  to -  hmphasiie acqui r ing  
a v a i l s b l e  geoxogic and g e o p h y s i c a l  data. items 'and maps t o  s u p p o r t  
p r e p a r a t i o n  of i n t e g r a t e d  m u l t i p a r a m e t e r  graphics  of the CSDP sites 
such as the USGS microseismic data f o r  the Hollister,  
Geysers areas . , 

Beginning  i n  FY 1985, t a s k  emphasis was placed on procuring, i n s t a l l 4  
- ing,  and developing a second*generation i n t e r a c t i v e ,  image p r o c e s s i n g  
and  da ta  i n t e g r a t i o n  system for g e o s c i e n t i f f c  a n a l y s i s  '(referred t o  as 
geodata).  The new system, which is a combination Symbolicsr MicroVAXe 

~ based 'system, w i l l  i n c o r p o r a t e  s e l e c t e d '  knowledge ' r e p r e s e n t a t i o n  
techniques (developed under' a r t i f i c i a l  i n t e l l i g e n c e  "research) w i t h  

' c o n v e n t i o n a l  image p r o c e s s i n g / d a t  
performed "on t e x i s t f n g  geodata s y  

T o  da t e ,  most of t Symbolics s y  
and are opera t iona l .  A programming package KEE (Knowledge E n g i n e e r i n g  
Environment)  f o r  s u p p o r t i n g  t h e  development  of knowledgeeass i s ted  
software has been i n s t a l l e d  and experimentation has  commenced: Also, 
i n i t i a l  c o n v e r s i o n  of e x i s t i n g  minicomputer  software t o  
MicroVAX S t a t i o n  I1 computer has been completed, and device 
i n t e r f a c e s  are under development t o  s u  MicroVAX l i n k s  t o  the  image 
dlgitiZing/prOCeSSing inpu tkou tbu t  de . Major a t t e n t i o n  d u r i n g  
t h i s  g e o d a t a  sys t em upgradesis  being given t o  increas ing  the speed of 
data processing and a n a l y s i s  f u n c t i o n s  ,< @r'ovidi=ng f o r  i n c o r p o r a t i n g  
more g e o s c i e n t i f i c  parameters and s impl i fy ing  u s e r  i n t e rac t ions .  .. - 

1 .  Q u a n t i t a t i v e  Uses of Remote Sensing Data - 

S i n c e  1982, PNL has  been i n v o l v e d  a s  a Landsa t  Thematic Mapper 
i n v e s t i g a t o r ,  as par t  of a c o o p e r a t i v e  PNLPNASA GSFC agreement ,  
which c o n t i n u e s  u n t i l  1988. This research has cont r ibu ted  t o  the  
assessment of the q u a l i t y  of the  data and e n e r g y f i r e l a t e d  a p p l i c a '  
t i o n s  of l andsa t  TM data, especially for geosc ien i f i c  i n t e r e s t s .  

To date, t h i s  s u b t a s k  has made e x t e n s i v e  q u a l i t a t i v e  u s e  of TM 
a c q u i s i t i o n s  to  prepare mult isource,  computer composites (combining 
Landsat, topography, and Geologic data) mostly f o r  the c o n t i n e n t a l  
s c i e n t i f i c  d r i l l i n g  and wind energy sites. Major progress included 
the  a b i l i t y  t o  vary the viewing angle  t o  s imula te  an a p p a r e n t  view 
p o i n t  on o r  n e a r  t h e  ea r th ' s  s u r f a c e .  Also, programs have been 
developed and success fu l ly  tested for reducing topographyFInduced 
v a r i a t i o n s  i n  t h e  l a n d s a t  r e f J e c t a n c e  da ta  which s i g n i f i c a n t l y  
inc reases  the  geologic  mapping p o t e n t i a l  of such data. Curren t ly ,  
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we are inves t iga t ing  the parameters l i m i t i n g  the q u a n t i t a t i v e  u s e s  
of satell i te mul t i spec t r a l  data,' including ground t r u t h  measurement 
unce r t a in t i e s ,  c a l i b r a t i o n  f a c t o r s  and equa t ions ,  and a t m o s p h e r i c  
and  sub-p ixe l  effects. Experience acquired from t h i s  research is 
being e f f e c t i v e l y  t r a n s f e r r e d  and u t i l i z e d  i n  a v a r i e t y  of DOE 
programs i n t e r n a l  and e x t e r n a l  t o  PNL. 

2. Application t o  CSDP 

A secondwgeneration set of geodata products for the  Valles Caldera 
s i t e  is now i n  p r e p a r a t i o n .  CloudPfree  Landsa t  TM imagery was 
a c q u i r e d  for  t h i s  s i t e  d u r i n g  the summer of 1985. This data set 
conta ins  seven spectral bands and has a 30 m r e so lu t ion  element. A 
h i g h W e s o l u t i o p  d i g i t a l  e l eva t ion  model composed of .seventeen 7.5 
min. quadrangles has been i n t e r p o l a t e d  t o  a 15 m sample s p a c i n g ,  
and  t h e  Landsa t  TM da ta  resampled t o  r e g i s t e r  it with t h i s  grid.  
Resampling t o  a 15 m g r i d  minimized any loss of r e s o l u t i o n  caused  
by resampling. A geologic  map of the reg ion  has been d ig i t ized  and 
resampied t o  t h e  same g r i d .  From these merged data se t s ,  high 
r e s o l u t i o n  geodata products are being prepared. For example, the 
e l eva t ion  data are being used  t o  remove or a c c e n t u a t e  s o l a r  ilk 
l u m i n a t i o n  effects on the  imagery. Both techniques have proven 
useful.  Output products with 2i5 times improved spatial r e so lu t ion  
w i l l  be possible with the new in t eg ra t ed  data set. 

3. Application of S t r u c t u r a l  Analysis 

R e s u l t s  of exploratory s t u d i e s  t o  d e v e l o p  d i g i t a l  ' q u a n t i t a t i v e  
spatial analysis techniques for determining the r e l a t i o n s h i p s  among 
geological, g e o p h y s i c a l ,  and  geochemical s t r u c t u r e s  show promise 
for a id ing  both g e o s c i e n t i f i c  and  g e o e x p l o r a t f o n  s t u d i e s .  The 
technique, based pr imar i ly  on d ig i t a l  t e r r a i n  e l eva t ion  model data, 
has been d i s c u s s e d  w i t h  g e o s c i e n t i s t s  a t  t h e  o t h e r  n a t i o n a l  
laborator ies ,  and is  c u r r e n t l y  b e i n g  proposed as a separate BES 
task. 
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Scope bf Work * 

The isolat ion/aeronomy program encompasses the area'of aeronomy i n  the  
upper atmosphere, and the area of in so ld t ion  and r ad ia t ive '  t r a n s f e r  i n  t h e  
lower atmosphere. Spec f r i ca l ly ,  the aei'onomy program .is concerned wi th  the  
plasmasphere/magnetosphere r e g i o n s  'and- .the ionosphe re /uppe r  atmosphere 
regions.  S i g n i f i c a n t  advances have been achieved over the- pas t  two decades 
i n  expanding our basic knowledge of t h e  ear th ' s  atmosphe,re and magnetor  
s p h e r e ,  a n d ' t h e  s u n  as an  i n t e r a c t i n g  system.' It is important t h a t  the 
physics  of t h i s ' c o u p l i n g  r e g i o n  be wel l  unde r s tood  i n  o r ' d e r ' t o  o b t a i n  
d e f i n i t i v e  solar%errestrial causeeef fec t  r e l a t i o n  I ', ' 

The i s o l a t i b n  program relies on a data base 'of direci land d i f f u s e  solar 
r a d i a t i o n  m e a s u r e m e n t s  made i n  v i s i b l e  and n e a r c i n f r a r e d  spec t r a l  
passbands. The research has two goals. One is t o  q u a n t i f y  t h e  spec t ra l  
charac te r i s t ics  of sca t te red  and d i r e c t  s u n l i g h t .  T h i s ' i s  germane t o  
energy genera t ing  solar t e c h n o l o g i e s ,  i n c l u d i n g  p h o t o v o l t a i c s  and day& 
l i g h t i n g .  H o v e v e r , t h e  p r imary  emphasis of t h e  i s o l a t i o n  t a s k  is t o  
characterize the inf luence  .of t r a c e  species i n '  t h e  troposphere and lower 
s t r a tosphe re  on solar  r a d i a t i o n .  These mawmade o r  natur'alby produced 
trace species Include aerasols, mo cules ,  and clouds.  " 

:? 

I 
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A: DOE Insolation/Aerdnomy Studies '  (J. J. MicHa-lsky, E. W. *Pearson, B. A. 
LeBaron, N. R. Larson,. E. W. Kleckner,-D. W. Slater) ' 

A new approach t o  e s t i m a t i n g  aerosol t u r b i d i t y  as a func t ion  of time 
has yielded unexpected r e s u l t s  regarding the behavior of the E l  Chichon 
s t r a t o s p h e r i c  aerosol a t  n o r t h e r n  mid&la t i t udes .  Formerly, we sub? 
tracted monthly averages of pre-El Chichon data which were e d i t e d  t o  
remove v a l u e s  s u s p e c t e d  of being . influenced by t h e  local tropospheric 
effects of M t .  St. Helens throughout its series of e r u p t i o n s  i n  1980. 
The p r e s e n t  method uses  a technique known as robus t ,  locally-weighted 
r eg res s ions  t o  d e r i v e  a s e a s o n a l  background estimate by f o l d i n g  a l l  
p r e P e r u p t i o n  data o n t o  one year. An estimate for the e n t i r e  unfolded 
data set  <is then obtained wi th  t he  same technique,  and t h e  d i f f e r e n c e  
is t a k e n  as t h e  E l  Chichon p e r t u r b a t i o n .  With t h e  new method, the 
e n t i r e  19804985 data se t  is used. Large, b u t  br ief  e x c u r s i o n s  from 
t h e  s e a s o n a l  means are given low weight by the  method. Therefore, M t .  
St. Helens '  episodes are e f f e c t i v e l y  p r o h i b i t e d  from hav ing  undue 
inf luence  on the  r e s u l t s .  Before t h e  e rup t ion  of E l  Chichon, the 
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d i f f e r e n c e d  p l o t  f o r  1010 nm shows l e s s  t h a n  0.005 v a r i a b i l i t y  i n  
optical  depth. The a r r i v a l  of E l  Chichon aerosol  is e v i d e n t  i n  t h e  
f a l l  of 1982,  followed by a n  annual cyc le  superimposed on a decaying 
exponent ia l ,  wi th  maxima i n  the winter  and minima i n  t h e  summer. A t  
shor t e r  wave leng ths ,  it becomes clear  t h a t  there is an upward t r end  
even i n  what was c o n s i d e r e d  background. These r e s u l t s  h a v e  b e e n  

,ll. p r e s e n t e d  on three d i f f e r e n t  occasions,  and a draft  has been completed 
for submi t ta l  t o  Geophys ica l  Research Letters. Data from t h e  v e r y  
c l e a n  stratospheric per iod of 1978-79 are being reduced t o  determine a 
better background. These new r e s u l t s ,  t h e  t ime-dependent  s i ze  d is ’  
t r i b u t i o n  behav io r  o b t a i n e d  !from i n v e r s i o n  o f  wavelength dependent 
t u r b i d i t y ,  and comparisons t o  o the r  da t a  sets  w i l l  be i n c l u d e d  i n  a 
publ ica t ion  i n  prepara t ion  for t h e  Journa l  of Geophysical Research. 

The same data set has been used t o  de r ive  t o t a l  ozone estimates for the 
six’year p e r i o d  b e g i n n i n g  i n  J a n u a r y ,  1980. The v i s i b l e  absorpt ion 
band is used ,  as opposed t o  t h e  u l t r a v i o l e t  bands  i n  t h e  s t a n d a r d  
Dobson i n s t r u m e n t s .  A value f o r  t o t a l  ozone is derived by assuming a 
f u n c t i o n a l  form f o r  t h e  wave leng th  d e p e n d e n c e  of  t h e  t u r b i d i t y  
th roughou t  t h e  v i s i b l e  and n e a r - i n f r a r e d .  A minimum chicsquared is 
sought by r e p e a t i n g  l e a s t h s q u a r e s  f i t s  f o r  d i f f e r e n t  assumed ozone 
a b u n d a n c e s .  To ta l  ozone d e r i v e d  i n  t h i s  f a s h i o n  has la rge  d a i l y  
v a r i a b i l i t y .  Smoothing, using the non-parametric t e c h n i q u e  as above ,  
or  l e a s t  squares  f i t t i n g  t o  s inuso ida l  func t ions ,  both i n d i c a t e  maxima 
i n  t he  s p r i n g  and minima i n  t h e  f a l l ,  w i t h  a m p l i t u d e s  t h a t  are i n  
g e n e r a l  agreement with the Dobson data from similar l a t i t u d e s .  During 
periods of vo lcan ic  p e r t u r b a t i o n ,  t h i s  s e a s o n a l  p a t t e r n  i n  c l ea r ly  
d i s t u r b e d .  (Dobson instruments experience problems with s t r a t o s p h e r i c  
ae roso l  per turba t ions ,  as well). We suspect  t h a t  t h e  t e c h n i q u e  is a t  
f a u l t ,  because the func t iona l  form assumed for the  wavelength dependent 
t u r b i d i t y  is not  followed w e l l  dur ing those times. We w i l l  i n v e s t i g a t e  
f u n c t i o n a l  forms and f i l t e r  combinations that  are more robus t  i n  t h i s  
s i t u a t i o n .  

We have n e a r l y  completed t h e  second phase  of  our program t o  develop 
lowecost s o l a r  measurement equipment .  Methods t o  r a d i o m e t r i c a l l y  
correct  o u r  s i l i c o n  c e l l  r o t a t i n g  shadowband pyronometer have been 
derived. Empirical c o r r e c t i o n s  f o r  t h e  t e m p e r a t u r e ,  s p e c t r a l ,  and 
cos ine  dependences allow us  t o  achieve d a i l y  in t eg ra t ed  values  of to ta l  
ho r i zon ta l  i r r ad iance  t o  better than 1%,  2%, and 2.5% on t h e  a v e r a g e ,  
compared t o  f i r s th l a s s  pyronometers  and p y r e h e l i o m e t e r s .  Hourly 
in t eg ra t ed  values  are only s l i g h t l y  lower i n  accuracy.  These r e s u l t s  
have  been presented on two occasions,  and a draft is ready for submis- 
s ion  t o  Solar Energy. A t h i r d  phase, i n v o l v i n g  t h e  development  of a 
low spec t ra l  r e s o l u t i o n  instruments ,  is being considered. Besides its 
c l e a r  role i n  solar spectral  resource assessment, t h i s  device  c o u l d  be 
used for a network of lowhcost ae roso l  and trace gas measurements. 

The use of mid3 and h ighp la t i t ude  auroral and ionospheric  phenomena for 
r e v e a l i n g  so la rb te r res t r ia l  r e l a t i o n s  has gained greater apprec ia t ion  
as evidence regarding the wide r a n g i n g  and complex i n t e r a c t i o n s  has 
become a v a i l a b l e .  A major g o a l  of the aeronomy program is t o  inves* 
t igate the  coupling of the  ionosphere, plasmasphere, and 



a *  a *  

magnetosphere, p r imar i ly  through the use of remote o p t i c a l  sensing. To 
accomplish t h i s ,  a network of RNL-engineered, computer*cont ro l led  
photometers has been maintained. t o  acqui re  synopt ic  observa t ions  of t h e  
a u r o r a  a n d  a i r g l o w  a b o v e  major p o r t i o n s  of t h e  Nor th  American 
cont inent .  

Among the  v a r i e t y  of a u r o r a l  e m i s s i o n  p a t t e r n s  tha t  occur, the most 
s t r i k i n g  a t  midHlati tudes is . the S tab le  A u r o r a l  Red ( S A R I  arc. Our 
s t u d i e s  d u r i n g  t h e  past  year have centered on t h e  t r a n s p o r t  of energy 
wi th in  the thermosphere/ionosphere system from approximately 200 km t o  
1000 km a l t i t u d e .  We have c o n t i n u e d  o u r  c o l l a b o r a t i o n s  wi th  t h e  
Southwest Research , I n s t i t u t e  team r e s p o n s i b l e  f o r  t h e  plasma i n s t r u p  
ments  on board: the  Dynamics Explorerdl and f2 satell i tes,  as well as 
researchers from t h e  U n i v e r s i t y  of Michigan space s c i e n c e  g r o u p .  
Although t h e  spec t ra l  pur . i ty  of' SAR arcs excludes the p o s s i b i l i t y  of 
s i g n i f i c a n t  f l uxes  of ene rge t i c  particles i n t o  t h e  arcs,  p r e s e n c e  of 
low energy e l e c t r o n s  (E < 10 eV) with field+aligned.velocities i n t o  the 
body of SAR arcs has  been found t o  be charac te r i s t ic  of arcs b e i n g  
monitored by the PNL photometers*during times of sa te l l i t e  ove r f l i gh t s .  
An exhaust ive research of t h e ,  photometer and Dynamics E x p l o r e r  data 
bases has y i e l d e d  24 such 'cases ,  dur ing  which both opt ical  and plasma 
measurements were a v a i l a b l e  f o r  t h e  same r e g i o n s  of s p a c e  above and 
w i t h i n  SAR arcs .  Ev ide ,nce  showing.  t h e  p r e s e n c e  of downflowing 
e l e c t r o n s  from the plasmapause r e g i o n  was p r e s e n t  i n  each i n s t a n c e .  
Modeling of the atmospheriq reqponses expected of these in f luxes  i n d i r  
c a t e  t h a t  t h e  e l e c t r o n s . ,  ' w i t h i n  . t h e  c o p s t r a i n t s  i m p o s e d  b y  
u n c e r t a i n t i e s  of ene rgy  e x t r a p o l a t i o n s  t o  v e r y  low e n e r g i e s ,  have 
s u f f i c i e n t  t o t a l  energy. t o  e s t a b l i s h  temperatures ' i n  t h e  ambient ionos- 
pheric e l e c t r o n  gas tha t  are capable of producing the opt ical  s igna tu re  
of the SAR arcs. Studies. of atmospheric c o m p o s i t i o n a l  p e r t u r b a t i o n s  
t h a t  may be a s s o c i a t e d  w i t h  these arcs is continuing, s i n c e  any such 
pe r tu rba t ions  could be, c r u c i a l  t o  t h e  hea t  b a l a n c e  w i t h i n  t h e  iono+  
sphere and are c u r r e n t l y  not adequately known. 

Additional co l l abora t ions  with 'researchers at the Marshall Space F l i g h t  
C e n t e r  and the U n i v e r s i t y  of Texas a t  Dallas have  y ie lded  r e s u l t s .  
Work with t h e  former group l e d  t o  publ ica t ion  of spatial r e l a t i o n s h i p s  
among plasma boundar.ies w i t h  the  inner  magnetosphere. Among the  fead 
tures noted were tha t  the morning plasmapause t y p i c a l l y  shows a ramp* 
l i k e  d e n s i t y  prof i le  wi th  no clea?. boundary, i n  c o n t r a s t  t o  the  evening 
plasmapause. Also, the boundaries of t h e  plasmapause, t h e  i n n e r  edge 
of t h e  e l e c t r o n  p l a s m a s h e e t , - a n d  t h e  equa to rward  boundary of t h e  
auroral ova l  e l e c t r p n  p r e c i p i t a t i o n  c o r r e l a t e  ex t r eme ly  well w i t h  t h e  
Kp m a g n e t i c  a c t i v i t y  index .  S tud ie s  with t he  former group have cenh 
tered on ana lys i9  of the v i b r a t i o n a l  development of N 2 +  (1NG) emissions 
w i t h i n  low l a t i t u d e  aurora .  The conclusion drawn from the high vibra" 
t i o n a l  development  of t h l s  band, i n ' c o m p a r i s o n  t o  h i g h e r  l a t i t u d e  
e m i s s i o n s ,  is t h a t  a p r i m a r y  c o n t r i b u t i o n  t o  .energy input  a t  lower 
l a t i t u d e s  c o n s i s t s  of c o l l i s i o n a l  e x c i t a t i o n  by e n e r g e t i c  h e a v y  
p a r t i c l e s ,  namely oxygen,  he l ium,  and hydrogen. F i n a l  mechanical 
assembly of an EberWFastie spectrometer, and generat ion of the 
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con t ro l l i ng  software,  has been completed. I n i t i a l  u s e s  w i l l  i n c l u d e  
measurement of t h e  r e l a t i v e  i n t e n s i t i e s  of the l i n e s  within the O H  (8" 
3) band system of the X2Pi state, t o  establish mesopheric t e m p e r a t u r e s  
under a v a r i e t y  of geomagnetic conditions.  

The design and acqu i s i t i on  phase of a new low l i g h t  l e v e l  imager, based 
on a charge'coupled device (CCD), was begun t h i s  year.  The imager w i l l  
be a major e f f o r t  t o  enhance and s u p p l e m e n t  t h e  u t i l i t y  of t h e  
p h o t o m e t e r  network,  as  well a s  r e p r e s e n t i n g  a whol ly  independent  
instrument. Most aspects of gain,  image i n t e g r a t i o n  time, and viewing 
a rea  w i l l  be under user cont ro l ,  v i a  a computer i n t e r f ace .  
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A. Crustal Strain (J. B.' Rundle) 

crustal s t ra in  rogram seeks t o  de physical models for  the 
erpretation and nalysis of a va eodetio data obtained on a 

continuous b a s i s  - i n #  r e g i o  t e c t o n i c  deformation.  
Deformation 'is i n  general t i m  observations are obtained 
via a variety'of higklcresolution t e  ciuding h i s t o r i c  t r ian*  
g u l a t i o n  and l e v e l i n g ;  a modern methods such a s  
microgravity surveys, tr i lateration; w spacerbased techniques 
such a s  GPS (Global Posit ioning B I  (Very Long Baseline 
Interferometry) and SLR (Satel l i te  g) . Models constructed 
t o  explain these data contain as mu information as possible, 
so that the data can be used t o  examine the relative importance of the 
competing processes. For example, motions of a few centimeters per 
year, commonly ob ved i n  tectonically active areas such as the west- 
ern U n i t e d  S t a t  have been interpreted via the models as indicating 
he existence of a subtle s t r e s s  r deep w i t h i n  t h e  
arth. 

Computer codes have e timepdependent surface 
deformation due t o  a vari es  i n  a layered, inelas+ 
t i c  earth model. Addition pute gravity, sea level, 
po ten t i a l ,  and ' s u r f  ace deformation changes due t o  volcanic loading of 
the crust; and heat flow, f l u i d  flow, and deformation due t o  sources of 
f l u i d  pumping and heat generation. C u r r  t efforts have concentrated 
on the development of -physically rea l i s t i c  t & &di mens i onal mode 1 s of 
f a u l t i n g  i n  and In subduction zones. ~ I n  addition 
t o  kinematic of faulting have been examined using 
f r i c t i o n  laws aboratory experiments, Moreover, an 
ana ly t i c  model of f au l t i ng  was cons t ruc t ed  which  a l iows  an I n *  
homogeneous distribution of s t res  t surface. ' These efforts 
have led t o  the conception of' the 1 of faulting, i n  which a 
f a u l t  i s  viswli a number of patches, each 
of which has  .bo ved) a r e a . a n d  a cons t an t  
(comer ved ) s ta$ i hquake which involves the 
patch. These ideas have been i innings of a 
mechanical faul t  
plate boundaries 
nitudes,  and locations of earthquakes are calculated according t o  some 

e3de t erm fai lure  n. 

Recent work has a l s o  included c calculations of present day 
s t ra in  i n  southern California arising from the far f ie ld  plate  motion, 
current aseismic s l i p ,  and historic eethquakes. Collaborators i n  t h i s  
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work have included scient is ts  at the University of Tokyo, Japan; the U. 
S. Geological Survey; the California Inst i tute  of Technology; and the 
University of California, Santa Cruz. 

B. (L. S. Costin 
and D. J. Holcomb) 

This research is directed toward a basic understanding of the mechanics 
of microcrack growth and how t h i s  i s  re f lec ted  i n  the  continuum 
response of the material. Both experimental and analytical efforts are 
i n  progress. 

An experimental determination of: the r e l a t ionsh i  tween a b 1  ied 
s t r e s s e s  and the density and orientation of microcr i n  granite has 
been i n i t i a t e d .  These experim s use la rge  block p l a n e * s t r a i n  
specimens rather than the mor tional a x i s v e t r i c  t r iax ia l  sample 
configuration. Using acoukti ion counting methods, the threshold 
s t r e s s  a t  which microcrack growth occurs is being determined as a 
function of previous stress '  history. The previous h i s t o r i e s  include 
s t r e s s  paths i n  which the pr incipal  s t resses  rotate relative t o  the  
material. I n  l a te r  experiments, acoust ic  emission loca t ion  w i l l  be 
used  t o  determine the  locat ion and extent of damage i n  specimens as 
they are deformed. - 

To apply the experimental r e s u l t s  t o , t h e  problem of deformation of 
b r i t t l e  rock, a relationship between microcrack behavior and continuum 
behavior was established through an analytical model based on fracture 
mechanics and damage theory. The model incorporates the e f f e c t s  of 
damage on material  behavior due t o  the nucleation, growth and coalesd 
cence of microcracks during compressive loading. The model has ,been 
implemented i n  a f i n i t e  element code so t h a t  t h e  response of rock 
specimens t o  various loading histories can be predicted and compared 
wi th  experiment a1 results . 

C. Creep Mechanisms and Microstructure i n  Rock Salt (W. R. Wawersik) 

Predicting the performance of underground structures i n  balt  masdes 
requires extrapolating laboratory creep measurements and the r e su l t i ng  
cons t i tu t ive  models for rock s a l t  to  low stresses and long times. The 
validity of these extrapolations was addressed i n  th ree  ways. ( 1 )  
Creep measurements were interpreted i n  terms of plausible deformation 
mechanisms. (2)  Microstructures, i.e., dislocation arrangements, were 
determined i n  polycrystalline and singleecrystal s a l t  af ter  laboratory 
testing and correlated w i t h  the models i den t i f i ed  ea r l i e r . .  (3 )  The 
m i c r o s t r u c t u r e s  (dominant deformation mechanisms) i n  s a l t  !af ter  
laboratory testing were compared wi th  the microstructures i n  rock s a l t  
tha t  was deformed dur ing  much longer times and a t  lower stresses in 
s i t u .  

The f i r s t  t a s k  was completed via  creep measurements on natural  
polycrystalline rock s a l t  from several locations. Correlations of t h e  
resulting steadyHstate creep estimates and activation analyses both 

- 
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suggested that the. low-,temperature creep of rock s a l t  is controlled by 
cross-slip. -Data correlations at  very low strain rates  (less than 1 0 4  
11s) were, strengthened by the development of a new technique t o  iden.! 
t i fy . , s t eady . s t a t e  creep r a t e s  i n  terms of upper and lower bound 
estimates, 

.. 

. -< 

Microstructural features following loading i n  the laboratory a t  tem* 
peratures below :lo0 C were dominated by glide related features t o  14% 
strain, which is consistent with the hypothesis that the creep process 
was I c ross - s l ip  Controlled. % T h i s  conclusion is supported by low* 
temperature creep observations .on NaCl s ing le  c r y s t a l s  y i e l d i n g  
unambiguous evidence of wavy s l i p  and effective activation energies 
well below .the activation energy of sel-fgdiffusion of chlorine.  The 
suggested role of crosskslip, of course,-does not imply the absence of 
other mechansims including dislocation climb and subgrain formation but 
merely indicates that they were not dominant. 

Microstructural studies of laboratory-deformed s a l t  were augmented by 
. s y s t e m a t i c  observations on nattrrally deformed rock s a l t  from the 

8 v i c i n i t y  of o ld  mine -workings i n  Hutchinson, Kansas; H a l l s t a t t  , 
Austria: Wieliczka, Poland; and from the Asse mine, Federal Republic of 
Germany. Asse s a l t  included. samples taken from the immediate v i c in i ty  
of an -7 i n  si tu,heater experiment t o  280 C. . $ I n  most samples, microstruc- 
tures exhibited straight and wavy s l i p .  Ideal ly ,  per fec t ly  regular 
subgrain s t ruc tu res  were dominant only i n  heated s a l t  from the Asse 
mine. S l i p  r e l a t e d  fea tures taga in  suppor t  t h e  1 use of e x i s t i n g  
laboratory creep measurements. However, s a l t  deformed i n  s i t u  ex- 
h i b i t e d  several addi t ional  features .  The most developed of these,  

. besides pure gl ide bands, a r e  coexisting subgrains and glide bands 
wf thout noticeable inter act ions , locally pol  ygoni ze d m i cr os t r uc t u r  es  , 
accelerated recovery around brine inclusions, and recrystallization. 
.hidence of recrystallization appears t o  be espec ia l ly  important be* 
cause it is-very similar t o  microstructural manifestations after s t ress  
drops i n  sane s t ress  relaxation t e s t s ,  or a f t e r  gradual, previously 
unexplained c reep  acce1eration:in a few laboratory experiments. 
Although sane of: the observed features, such as recrystal l isat ion,  a r e  
not steadyestate processes; their  .random- development over large volumes 

-- 

the resul t  of the accumulation of multiple microfailures. Constitutive 
l a w s  f o r  such m a t e r i a l s  m u s t  i n c o r p o r a t e  t h e  e f f e c t s  of t he  
piarofailures, i n  particular the i n e l a s t i c  a t r a i n  and reductions i n  
e las t ic  moduli. A method of incorporating accumulating failures into a 
continuum model is t o  'replace the d e t a i l s  of *crack densi ty ,  . s i ze ,  
orientation, and development i a l  property which is commonly 
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ca l led  damage. Although a number of t h e o r i e s  of "damage have been 
proposed, there is no genecal ly  accepted t e c h n i  ?or d e t e c t i n g  and 
measur ing  damage. The purpose of  t h i s  research is t o  develop such 
techniques,  using acous t i c  emissions as the  basic t o o l ,  and t o  a p p l y  
the techniques t o  s tudy  the development of damage i n  geomaterials.  

The first goal is t o  develop and demonstrate t he  techniques t o  be used. 
A m a j o r  s t e p  t o w a r d  t h i s  goal  is described i n  a paper  e n t i t l e d  
" D e t e c t i n g  Damage Surfaces i n  B r i t t l e  Mater ia ls  U s i n g  A c o u s t i c  
Emissions"  which has been accepted for publ ica t ion  i n  the Journal  of 
Applied Mechanics. A method is reported f o r  de t ec t ing  va r ious  projecr :  
t i o n s  of the  6hdimens iona l  damage s u r f a c e  and t h e  ex is tence  of the 
damage surface is demonst ra ted .  The i n i t i a l  d e m o n s t r a t i o n  was i n  
g r a n i t e .  Fur ther  work w i l l  examine other geomaterials t o  see i f  the 
same methods work. Spec i f i ca l ly ,  t u f f ,  s a l t ,  and s a n d s t o n e s  w i l l  be 
tested . 
Damage is not expected t o  be , g e n e r a t e d  homogeneously because  of the  
e f fec ts  of nonuniform stress condi t ions i n  the general  case. Study of 
inhomogeneous damage generat ion is important f o r  a t  least two r e a s o n s :  
v a l i d a t i o n  of computer codes  based on damage models and s tudy  of the 
failure process. For a l l  but  t h e  s imples t ,  most idealized stress 
s t a t e s ,  t he  codes p r e d i c t  inhomogeneous damage generation. Checking 
these predic t ions  r equ i r e s  that the spatial d i s t r i b u t i o n  of damage be 
measured,  preferable as a funct ion  of stress, and n o t  jus t  a t  the end 
of a test .  An important example of inhomogeneous damage is the process 
of f a i l u r e  which is preceded  by a l o c a l i z a t i o n  of damage. A second 
goal ,  t o  measure the  spatial d i s t r i b u t i o n  of damage, r e q u i r e s  l o c a t i o n  
o f  t h e  i n d i v i d u a l  mocrofailures responsible. A system for acqui r ing  
the  acous t i c  emission wave forms from which loca t ions  can be determined 
is nearing opera t iona l  status. 

A p o t e n t i a l  a p p l i c a t i o n  of t h e  a c o u s t i c  e m i s s i o n  t e c h n i q u e s  is the  
i n v e r s e  problem of d e t e r m i n i n g  t h e  i n d u c i n g  stress s t a t e  from the 
measured damage sur face .  In  p a r t i c u l a r ,  can the s ta te  of stress i n  the 
ear th  be de te rmined  from core samples by d e t e c t i n g  the damage state 
induced i n  the rock? This technique has been explored a t  var ious times 
by o t h e r  groups but  has never been developed t o  a s tandard tool. Part 
of the reason may have been an i n a d e q u a t e  a p p r e c i a t i o n  of the  corn* 
p l e x i t y  of  the damage surface and the  i n t e r a c t i o n s  between the var ious 
stress components. A paper was p r e s e n t e d  a t  t h e  2 6 t h  U .  S. Rock 
Mechanics Symposium on a r e a s o n a b l y  s u c c e s s f u l  attempt t o  apply the  
damage su r face  method t o  core r e t r i e v e d  from the v i c i n i t y  of  a n u c l e a r  
test .  

E. Advanced Concepts (W. C. Luth) 

Research conducted  i n  t h i s  program invo lves  exploratory research i n  
seve ra l  geoscience areas. Typfcally such research e f f o r t s  are of a s h o r t &  
term n a t u r e  a n d  may be o r i e n t e d  toward a s s e s s i n g  f e a s i b i l i t y  of a 
p a r t i c u l a r  research t a s k .  



Paleomagnet ic  and Rock Magnetic S t u d i e s , o f  t h e  I n y o  D i k e  (J .  W .  
Geissman', Geology Department ,  U n i v e r s i t y  of New Mexico, and  J. C. 
E 1 che 1 ber ger 

This inves t iga t ion  is focused on appl ica t ion  of thermal demagnetization 
techniques t o  the cool ing history of  the Inyo Dike ,  Long Valley Caldera 
( C A I ,  and the  associated coun t ry  rocks. Conventional thermal demae 
n e t i z a t i o n  measurements, including.evaluat lon of a n i s o t r o p i c  magnet ic  
s u s c e p t i b i l i t y ,  have been completed.  New a p p a r a t u s  f o r  continuous 
thermal m a g n e t i z a t i o n  expe r imen t s  has been des igned  and i s  b e i n g  
c o n s t r u c t e d .  A q u a n t i f i c a t i o n  of  s u b s o l i d u s  c o a l i n g  rates w i l l  be 
'attempted th rough  1 abor a t  or y e va 1 bat 1 on of unblock 1 n g t em pe r a t  u r  e 
s p e c t r a  (thermalremnant magnetization) I n  add i t ion  t o  determination of 

' d i r e c t i o n a l  f ie ld  changes .recorded d u r i n g  b lock ing .  It i s  expec ted  

I n  response t o  r e q u e s  
program has been s ta r ted  here t o  u t i l i z e  indus t ry  d r i l l  holes, o r i en ted  

t core,  geologica l  observat ions,  -and downhole measurements i n  conjunction 
w i t h  S a n d i a  Measurements and a n a l y s e s  of a n e l a s t i c  s t r a i n  recovery 
(ASR) taken on o r i en ted  co re  samples t o  assess t h e  i n  s i t u  s ta te  of 
stress. The c o o p e r a t i v e  v e n t u r e  provi 'des ' a  un ique  o p p o r t u n i t y  t o  
eva lua te  local va r i a t ions  of i n  s i t u  stress as dependent '  on r e s e r v o i r  

,product ion,  local &IC s t r u c t u r e  ( fo ld ing-and  f a u l t i n g ) ,  l i tho logy ,  
I n  the case of the J o i n t  program with P h i l l i p s ,  

is c o n c e n t r a t e d  t h e  Norwegian s e c t o r  of the North Sea 
t h e  emphasis on the  role of ' i n  s i t u  stress on subsidence and 

I n - t h e  s t u d y  w i t h  Amoco, the f ie ld  a r e a  is i n  southern r e i n j e c t i o n .  
Is b i l l  be on the  PO 
o log ic  h i s to ry .  

t r i c h . a n d  W. F. 

f spe r s ive  a n a l y s i s  c a p a b i l  i t y  has been 
pabil ' i ty f o r  chemical ana lys i s  for glass  

The hardUar4 and software 
labora tory  prior t o  in-  

t ibned t ra i ler ,  The f ac i l i t y  w i l l  a l so  
e d '  anLd modi 

nd p e t r o g r a p h i c  mic roscopes ,  samp 
/ f l u i d  analysis apparatus .' 



I .  a .  

Contractor : S A N D I A  NATIONAL LABORATORIES 
Albuquerque , New Mexico 871 85 

Contract : DE%AC04@76#DP00789 

Category : Geochemistry Research 

Person i n  Charge: W. C. Luth 
/ 

The Geochemistry Program a t  Sandia National Laboratories s comprised 
of t he  fo l lowing  p r o j e c t s :  ( A )  Magmatic Vola t i les ,  (B) ClayMWater 
Interactions, and ( C )  Chemical Diffusion i n  Minerals. These projects  
include investigations of the role  of volatiles i n  shallow magmas, the free 
energies and kinetics of clay mineral dissolution, and the chemical d i f f u -  
aion processes i n  se lec ted  .S i l ica te  minerals. The research addresses 
fundamental problems and is relevant i n  a number of applied areas including 
geothermal energy, nuclear waste isolation, and the evolution of f l u i d s  in  
petroleumhbearing s t ra ta .  

A. Magmatic Volatiles (T. M,  Gerlach, J. C. Eichelberger, H. R. Westrich, 
H. W. Stockman) 

A new project is underway t o  invest igate  the r o l e  of vo la t i l e s  i n  
shallow magmas of volcanic environments. The research is  focused on 
determining t h e  -- i n  s i t u  v o l a t i l e  contents of shallow magmas, the 
mechanisms and rates of their exsolution, and the chemical and isotopic 
t r e n d s  tha t  character ize  escaping gases a t  various s tages  of the 
degassing process. The investigations include development of onilsite 
fumarole data  acquis i t ion capab i l i t i e s ,  laboratory techniques t o  
measure the chemical and isotopic compositions of natural  glasses and 
glass  inclusions , experimental procedures t o  examine the kinetics of 
vapor exsolution and bubble growth i n  s i l i ca t e  melts a t  elevated pres5 
sures ,  and models fo r  the mechanics of eruptive vesiculat ion and 
outgassing. Investigations are- a l s o  being performed of t race  metal 
t ransport  by volcanic gases and of D/H fractionation between hydrous 

One of the long range 
goals of the work is t o  establish volati le budgets of volcanic systems. 
Such budgets are presently poorly defined and are  needed as  benchmarks 
fo r  assessing the environmental impact of energy technologies relative 
t o  that of volcanism. These studies provide supporting research for  
DOE programs in  Continental Scientific - D r i l l i n g  and advanced geothermal 
energy recovery. The research performed during the 198441985 period is 
out1 ined below . 
Considerable progress w a s  made i n  developing a model for  the v o l a t i l e  
budget and degassing of Kilauea. This  is the first complete model of 
t h i s  kind for any volcano, and it provides a useful format t o  be f o l c  
lowed i n  monitoring the degassing and environmental Impact of other 
volcanos, especially the hot spot var ie ty .  The model provides con- 
centrat ions and r a t e s  of flow of a l l  volatiles throughout the ent i re  
system, including i n f l u x  from the mantle, partitioning between summit 

. , s i l i ca t e  melt and coexisting aqueOus f l u i d .  
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chamber gas and noner upt i ve  degass i ng , and 'er u p t  i ve degass i ng . 
The, d e g a s s i n g  sses of Kilauea have been clariffed; It. has been 
shown that  the volcano degasses by e i ther  a o n e - s t a g e  .or a twoistage 
process, Furthermore, the degassing ,Carl be accoiulted. for by on ly  three 
gas compositions: a C02-rich summit chamber gas, a.moderateLy.COe-rich 
volcanic  gas a s soc ia t ed  wi th  continuous summit lava.  lake erupt ions ,  and 
a C02-poor volcanic  gas associated w i t h  epi'soUic f l ank '  e rup t  
r e s i d e n c e  tiines for '  v o l a t i l e s '  r ange  from hours I n  the  ca 
t i v e l y  in so lub le  components (e-.g., CO 1 ' t o  hundreds  of years i n  t h e  
case of soluble aomponents' (e.g., F) . *The model be correlated wi th  
tilt data so t h a t  v o l a t i l e  i n f l u x ,  storage,, a n  
e m i s s i o n s  are- calculable  from. d a l l y  summi't ti 

o n i t o r i n g  and' e r u p t i o n  ha 
vides  a benchmark for a s ses s ing  the  environmental 

xplanat ion of 
the carb6n ed . . su l fLs  i'sotope data' f o r  Kil'auea. 8 It has been known f o r  
almost 20 y t g r s  t h a t  ca rbon  emitted from he' summit of . K i l a u e a  is 
enriched i n  C compared t o  ,oceanic tho le i i t  and other 'mantle der ived 
magmas. The model p r e d i o t s  t ha t  the heavy carbon 'is of mantle o r i g i n  
and degassed ; d i r e c t l y  +from paren ta l  magmas, rather than  a f r a c t i o n a t i o n  
p roduc t  of t h e  hydrothermalHfumarole. system above t h e  s i r m m i t '  chamber, 
as has been concluded-in preyious.'work. The large carbon disaharges of 

i n g  both e rup t ive  and noneruptive perio 

o provides the . f i  
411 , 

magma chamber effectively buffer  the carbon 
e hydro the rma le fumaro le  sys tem.  I The mod 
t a t i o n  of s u l f u r  isqtope data3.and has bee 

t h e  s u l f u r  .isotope composition:of,.the,. 
w i th  tha t  of Other .mantleAderived rock 
r e s u l t s  r e l a t e  to  an  .onkgoing+deba  
he te rogenei ty  of the  m 

of  a homogeneous 

yol i te  obs id ian  and i s o t o p i o a l l y .  l a h e l e d  water 
g of.  hydrogen Isotopes rhyol I t I c magmas. 
s t e d  of water p l u s  a ous ,  o b s i d i a n ,  or 

b s i d i a n  e q u i l i b r a t e d -  w i t h .  lap'eJ. r u n  c o n d i t i o n s .  
.satuy.ated - c o n d i t i o n s  

nd 1000°C, 950OC 
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. 9 0 * *  dadsorbed whter a$ a func t ion  a i n  s i z e .  These tes t s  showed t h a t  
g r a i n  s i z e  m u s t . b e  c o n t r o l l e d  between 75vm and 150 for reliable 
r e s u l t s  on glasses -with -1012' water c o n t e n t s .  The improved t e c h n i q u e  

i v e s  p r e c i s i o n s  of 5% ( r e l )  a t  0.1 w t %  and  has lowered d e t e c t i o n  
ts ' t o  50 ppm. 

~ Work has c o n t i n u e d  o n  t h e  development of an enhanced XRF a n a l y t i c a l  
x t e c h n i q u e  fo r  s u l f u r .  T r a d i t i o n a l  methods h a v e  b e e n  l i m i t e d  by 

I problems re lated t o  pa r t i c l e  size effects, v a r i a b l e  ox ida t ion  states 
for S, high machine blanks,  and poor n a t u r a l  standards. The enhanced  
t e c h n i q u e  g e t s  r i d  -of - s ize  e f fec ts  by means of mic ron ized  sample  
prepara t ion ,  accommodates va r i ab le  oxida t ion  states by peak  monitoring, 
has r educed  t h e  machine b l ank  t o  <10ppm, and employs synthetic Stan+ 
dards developed by the s tandard a d d i t i o n  method. The new t e c h n i q u e  
g ives  extremely c o n s i s t e n t  c a l i b r a t i o n  curves with p rec i s ion  of < l %  and 

-accuracy of <5$.a t  lOOppm l e v e l s .  The new technique  has been a p p l i e d  
t o  mat r ix  glasses from Long Valley, Coso, Kilauea,  and Mama Loa. 

. ClayiH20 I n t e r a c t i o n s  (J 

P r e d i c t i o n s  regard ing  the course of clay+water r e a c t i o n s  are of impore 
tance i n  a v a r i e t y  of geochemical, geophys ica l  and e n e r g y  re la ted 
a p p l i c a t i o n s .  Such p red ic t ibns ,  i n  t u r n ,  depend on a knowledge of the 
k i n e t i c  and  thermochemical c o n s t r a i n t s  g o v e r n i n g  c l a y  m i n e r a l  
d i s s o l u t i o n .  T h i s  problem has been approached by u s i n g  a Dickson 
Hydrothermal system and experimental ly  measu r ing  t h e  s o l u b i l i t i e s  of 
s t a n d a r d  c l a y s  a t  200 and'  3 0 O O C .  To date,  s o l u b i l i t y  products have 
been evaluated for k a o l i n i t e  tind the Wyoming bentoni te  SWp1. Fur ther  
a c c o m p l i s h m e n t s  t o '  d a t e  i ' n c l u d e  . e x p e r i m e n t a l  e v a l u a t i o n  of the  
parameters , requi red  t o  i n i t i a t e  the por t ion  of the s t u d y  d e a l i n g  w i t h  
t h e  s o l u b i l i t y  of mixed layer i l l i t e p s m e c t i t e ,  and ob ta in ing  s u i t a b l e  
r'un materials for s o l u b i l i t y  s t u d i e s '  on sapon i t e  and  n o n t r o n i  t e  smecg 
t i t e  c l a y s .  R e d u c t i o n  of t h e  s o l u b i l i t y  da ta  o n  k a o l i n i t e  and 
bentoni te  have demonstrated tha t ;  a l though considerably longer  than  two 
mbnths are r equ i r ed  for s o l u t i o n  compositions t o  s tabi l ize ,  .the changes 
introduced after t h i s  per iod b y , ' c o n t i n u e d  f l u c t u a t i o n s  i n  s o l u t i o n  
compos i t ion  are  much .smaller 'than the u n c e r t a i n t i e s  a r i s i n g  from as+ 
sumptions r e g a r d i n g  t h e  hydrox ide  complexes of i r o n  and aluminum. 
Consequen t ly ,  f u t u r e  e x p e r i m e n t s  w i l l  be l i m i t e d  t o  about two months 
dura t ion  . 

C. Chemical Di f fus ion  Processes i n  Sil icate Minerals (R. T. Cygan) 

The occurrence of d i sequ i l ib r ium behavior i n  geological  mater ia ls  is 
o f t e n  a t t r i b u t e d  t o  the  l i m i t e a ' d i f f u s i o n  of chemical species through a 
silicate mineral .  ' The'unddrstanding of numerous geochemical processes 

' w i l l  therefore  depend upon t h e  e x a m i n a t i o n  of t h e  e n e r g e t i c s  and 
mechanisms of sol id  s ta te  d i f f u s i o n  and t h e  e v a l u a t i o n  of d i f f u s i o n  
p a r a m e t e r s  a t  appl icable  geological c o n d i t i o n s .  The goa l s  of the 
present  research is t o  apply  theoretical and e x p e r i m e n t a l  methods i n  
t h i s  form of a n a l y s i s  and t o  develop a fundamental basis for applicah 
t i o n  t o  geochemical, nuclear  waste, and materials sc ience  problems. 
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I n i t i a l  research ha concentrated on the examination of the energet ics  
of cation diffusio n the garnets. Fxperimental diffusion annealments 
have been performe or pyrope garnet i n  the temperature range of 900° 
t o  llOO°C and a t  controlled oxygen fugacities. Ion microprobe analysis 
of the very limited depth prof i les  ( l e s s  than one micron) a r e  being 
perf ormed a t  Arizona State University. To complement the experimental 
studies, a theoretical analysis of the diffusion mechanisms and migra- 
tion e n e r g i e s  has been performed w i t h  the use of an in t e r ion ic  
potential ,  energy minimlzation model. I n  t h i s  manner, ,the cation 
diffusion process can be understood by examining the lnt(eract1ons of 
ions associated with point defects i n  the s i l i ca t e  la t t ice .  The migra- 

a t i o n  from an occupied c rys t a l log raph ic  s i t e  t o  an 
acancy or - in t e r s t i t i a l  s i t e  w i l l  require a specific amount 

of energy t o  overcome the energy barrier created by the local associa7 
tion of Ions along the diffusion pathway. is migration energy, along 
w i t h  the defect formation energy, is linked t o  the macroscopic actlvag 

. tion energies obtained from Arrhenius p lo ts  ( log I) versus 1 / T )  of 
experimental diffusion data. Migration energies were calculated for 

, the diffusion of.,the major divalent (Mg, Mn, Fe, and Ca) of the d i s -  
torted cubic s i t e  i n  each of the endmember" garnets. Simulations of the 
vacancy and i n t e r s t i t i a l  mechanisms fo r  each of these garnet phases 
suggest tha he preferred process for cation 
di f f us ion . 
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A, CSDP-High Temperature Geophysical Research -Techniques (H. C. Hardee, G, 
J. Elbring, and C. R. Carr igan)  

he ob jec t ive  of t h i s  task is the research l e a d i n g  t o  new or r e f i n e d  
o n c e p t s  and techniques in ' thermal ,  seismic, and electrical methods t o  
ocate and def ine  subsurface anomalous thermal regimes. The r e s u l t i n g  

i n s t r u m e n t a t i o n  i n v o l v e  both s u r f a c e  and s u b s u r f a c e  ( d r f l l h o l e )  
techniques.  Surface or near-surface thermal i n s t r u m e n t a t i o n  i n c l u d e s  
development and f i e l d  t e s t i n g  or thermopile  heat f l u x ,  o r i en ted  convew 
t i v e  "heat flow s e n s o r s ,  a n d  d o w n h o l e  f l u i d  samplers .  Seismic 
t e c h n i q u e s  involve use of surface geophones and a down-hole con t ro l l ed  
seismic source capable of swept'frequency opera t ion  a t  25OoC and evenk  
t u a l l y  5 0 0 O C .  An o r i e n t e d ,  h igh  temperature, 3eax i s  seismometer for 
use i n  d r i l l  holes I s  being developed. This instrument w i l l  be used i n  
b o t h  hole-to-hole (HTH) and surface*to;hole (STH) seismic s t u d i e s .  I n  
add i t ion  t o  the instrumentat ion per se ,  each of these s t u d i e s  i n v o l v e s  
research on  methods t o  i n t e r p r e t  the  data. Current research is con* 
cen t r a t ed  i n  these areas: 

. 

1, A downhole c o n t r o l l e d  seismic s o u r c e  under development provides 
con t ro l  of energy con ten t  and f r e q u e n c y  of the  downhole seismic 
source.  A prototype experimental  vers ion of t h i s  source capable of 
sweptafrequency ope ra t ion  from 10 t o  90 Hz is c u r r e n t l y  unde rgo ing  
f i e l d  tes t s .  A scaled+up 
vers ion  of t h i s  source capable of se l f r con ta ined  o p e r a t i o n  is s i x 6  
t o  e i g h t c i n c h  diameter holes a t  depths t o  s e v e r a l  thousand feet is 
c u r r e n t l y  being f abr I cated . 

A DOE pa ten t  is pending on t h i s  source.  

2. Work is c o n t i n u i n g  t h i s  year on thermopile heat f l u x  senso r s  and 
downhole convective heat flow s e n s o r s .  The thermopi le  heat f l u x  
s e n s o r s  are used  t o  obta in  r a p i d  downhole heat flow measurements. 
A permanent downhole thermopile heat flow s e n s o r  s t a t i o n  has been 
i n s t a l l e d  a t  I n d i a n  Wells, CA t o  e v a l u a t e  a new v e r s i o n  of the 
thermopile instrument.  The downhole convective heat flow sensor  is 
used  t o  measure  ground water flow v e l o c i t i e s  and convective heat 
flow i n  permeable s u b s u r f a c e  zones .  A DOE p a t e n t  was r e c e n t l y  
gran ted  for the  convective heat flow sensor .  

3. A f l u i d  sampler has been developed for  o b t a i n i n g  downhole samples 
of f l u i d s  and gases i n  hot thermal wells. This device is capable 
of obta in ing  sealed f l u i d l g a s  samples a t  s teady s ta te  t e m p e r a t u r e s  
of 2 5 O O C  and is capable of l i m i t e d  opera t ion  t o  5OOOC.  The sealed 



1 ’  c ’  
. sample container is returned t o  the lab .where it  i s  reheated, t o  i n  

s i t u  ccmditions of  temperature and pressure, and the, r e s u l t i n g  
f l u i d s  and gases a r e  analyzed.. A t  t h i s  time, a measurement of 
downhole pressure is a l so  obtained. The f i rs t  version of t h i s  
sampler has been $ i e l d  t e s t ed  i n  progucing geothermal wells i n  
California. An improved version of the sampler has recent ly  been 
fabricated. ’ , 7  

4. b downhole se i  eter with extended t ture (250OC) capability 
has been designed and fabricated. Thislinstrument is designed for 
use as, a passive seismometer i n  geothermai areas and also-for  holei 

, to-hole use w i t h  the downhole controlled seismic source. This 
seismometer has a unique posi t ive locking clamp mechanism for  
improved high ,frequency response. - 

A high temperature (800%)  thermal-probe. and associated cable and 
handling equipment has ,been developed for logging high $emperatwe 
holes. , This system uses a platinum R T D - i n  a special probe assembly 
at tached t o  a 2 ~ km,  length of high. temperature s t a i n l e s s  s t e e l  

t sheathed cable. , The cable i s  mqunted o n  a microprocessor-  
control led ,winch. Cable operation .and -data collection is computer 
controlled. 

5. 

& I  -J 

J ‘  

a. - 4 C .  R. Carri 

A relative narrow zone i n  volcanic systems, the magmakhydrothermal 
regime, is  l i k e l y  t o  control the majority of thermal and chemical 
processes of int  er  e s  t o invest igators .  T h i s  complex 
i n c 1 ude s boundary 1 e r s  o f l the  therm 1, chemicai 1 a 
variety and is the basis for much of the coupling t h a t  occurs between 
thermokmechanical and chemical processes associated w i t h  the evolution 
.of magmatic systems. Further, many accepted sur-face ind ica tors  
of !volcanism such as heatflow, ,g steam prpduction and oxygen 
i-sotope- ra t ios  a re  directly related t o  t h i s  regime. Currently, t h i s  
inves t iga t ive  e f f o r t  deals  w i t h  both-mag9 and heat transport i n  the 
s teady s t a t e  and time .dependent magmaAhydrotherma1 zopes u s i n g  b o t h  

1 and numberical models. In-addition, sane f ie ld  
heat flow data acquisiti 

A unique onekdimensional model simula tration i n  a 
magmaghydrothermal system has been. de takes i n t o  

, account. the e f f e c t s  conveot i Ye hydrothermal 
zone as well as i n  t h  agma. Earl-ier hydrothermal models have always 

*considere’d o n l y  i n f i l t r a t i o n  of : so l id i f i ed  bodies t h a t  cool by 
conduction. n.e present model simulates magmashydrothermal heat transH 
fer in  systems relevant - to  geothermal energy extraction. In the model, 
magma chamber oonvection i s  included u s i n g  a parameterized scheme 
developed e a r l i e r  . Boundary conditions rexesenting a 
zone were obtained using 
kilometer t h i c k  intrwi 
inf i l t ra t ion rates  are  a 
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Furthermore, it is found that r h y o l i t i c  magmas w i l l  p e r m i t - i n f i l t r a t i o n  
t o  occur  more r a p i d l y  t h a n  basa l t i c  magma which is  an effect of the 

7 d i f f e rence  i n  convective vigor between more viscous r h y o l i t i c  and  much 
less v i s c o u s  basa l t i c  magma. I n  p r inc ip l e ,  it should be poss ib l e  t o  
measure such i n f i l t r a t i o n  rates from oxygen isotope data. 

A s i t e  s p e c i f i c ,  t ime-dependent  model of heat t r a n s f e r  i n  a conducF 
t i v e l y  dominated medium has been developed  for  t h e  S i e r r a n  basement 

~ ' regime 'of the Long Valley Caldera. The model demonstrates that  modest 
heat flows may be associated wi th  a shallow magmatic heat s o u r c e  i f  it 
is t imerdependen t .  S i m u l a t i o n  of magma i n j e c t i o n  (850 C max) and 
cool ing  (500 C min) of a heat source over a 200 k y r  c y c l e  y i e l d s  heat 
flows of about 6 HFU. t h i s  is only about one-third t o  one-half of the 
total  rate a t  which heat is ev iden t ly  being suppl ied  t o  the caldera. 

Regard ing  magma-hydrothermal heat t r a n s f e r ,  r e c e n t  a n a l y t i c a l  and 
1' ' numerha l  modeling sugges ts  tha t  the u s e  of borehole t e m p e r a t u r e s  t o  

estimate heat t r a n s f e r  by da rcy  flow c o u l d  o n l y  w o r k  i n  r e l a t i v e l y  
narrow conduction dominated zones  n e a r  magma or i n  impermeable rock 
f o r m a t i o n s .  A s  a r e s u l t ,  there is a lack of convective heat flow data 

v a i l a b l e  for comparison with theories developed by t h i s  researcher as 
well as others. An e f fo r t  i s  b e i n g  made, i n  c o n j u n c t i o n  w i t h  in@ 
strumentat ion development a t  Sandla,  t o  o b t a i n  data from a heat flow 
array based o n  thermopi le  devices .  I n i t i a l  data from the first heat 
flow s t a t i o n ,  i n s t a l l e d  i n  I n d i a n  Wells V a l l e y ,  CA, w i l l  s o o n  be 
ava i 1 a b l  e. 

C. CSDP Long ValleycMono Craters S i t e  Assessment  (J. B. Rundle,  C.  R. 
Carrigan, H. C. Hardee, and W. C. Luth) 

The Long ValleyiMono Craters r e g i o n  of e a s t e r n  C a l i f o r n i a ,  w i t h  i ts 
r e c e n t  t e c t o n i s m  and seismicity, is important as a p o t e n t i a l  s i t e  for  
deep con t inen ta l  d r i l l i n g .  This s i te  has been under i n v e s t i g a t i o n  as a 
thermal regimes target s i n c e  1982. Inves t iga t ions  have included both 
a c t i v e  and pass ive  geophysical techniques,  geochemical and petrologic  
sampl ing ,  bo th  a t  t h e  s u r f a c e  and i n  shallow ((1 km deep) boreholes.  
Inves t iga to r s  have included s e v e r a l  t e n s  of s c i e n t i s t s  from a l l  t he  
n a t i o n a l  l abora tor ies ,  the U. S. Geological Survey, academic i n s t i t w  
t ions,  and p r i v a t e  indus t ry .  

T h i s  s i t e  assessment a c t i v i t y  is now complete, a f i n a l  report has been 
w r i t t e n ,  and a brief vers ion  has been published i n  t he  T r a n s a c t i o n s  of 
t h e  American Geophys ica l  Union (EOS). Resul t s  of many s t u d i e s ,  when 
superposed upon a map of the Long Valley caldera, c l e a r l y  i n d i c a t e  that 
a major body of magma lies i n  the c e n t r a l  part of the  caldera at depths 
as shallow as about 5 km. While seismicity wi th in  and t o  the  s o u t h  of 
the caldera cont inues a t  a low l e v e l ,  u p l i f t  of the c e n t r a l  part of the 
caldera is c u r r e n t l y  40r50 mm/yr, implying magmatic i n j e c t i o n  ra tes  of 
as  much as  20'30 mil l ion  m /yr. Fluid samples from the  su r face  and i n  
shallow wells i n d i c a t e  isotopes of carbon that  are c o n s i s t e n t  w i t h  the 
presence of a major shallow crustal magma body. 
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A systhesis of a l l  available data i n d i c a t e s . t h a t  the s o u t h k e n t r a l  part 
of the caldera, near the head of LQng Canyon o n  the o l d  resurgent  dome, 
is t h e  location where magma probably exists a t  depths as shallow as 5 

re  are a number of sha l low.dr i l lho les  i n  the area, and  c o n r  
siderable i n d u s t r i a l  i n t e r e s t ,  l ead ing  t o  the  conclusion t h a t ,  d r i l l i n g  
condi t ions  are favorale for a deep hole. Moreover, d r i l l i n g  technology 
p r e s e n t l y  e x i s t s  for t h e  5@6 km.deep well envisioned, e%cept a t  the 

. high temperatures (>300° +. 4 O O O C )  i n  . t he  immediate - v i c i n i t y  of the  
magma body. Many unanswered s c i e n t i f i c .  .questions remain concerning the 
i n t e r a c t i o n  of the ,magmat ic  and  hydro thermal  s y s t e m s  j a n d  t h e i r  
r e l a t i o n s h i p  w i t h  t h e  >cur ren t  seimicity, deformation, and heat flow. 

~ 1 These quest ions,  while specific t o  Long Val ley,  are a l s o  g e n e r i c  i n  

hermal behavior .of s i l i c i c  magma 
+ as it in t rudes  the upper crust and the  r e l a t i o n s h i p  of t h a t ~ b e h a r i o r  t o  

the envi ronment  o f ’  i n t r u s i o n .  Such i n f o r m a t i o n  is  fundamenta l  t o  
d e t e r m i n i n g  the o r ig in  and e v o l u t i o n  of igneousCrePated geothermal 
systems, and i s  a l so  a p p l i c a b l e  t o  t h e  problem of manumade thermal 
p e r t u r b a t i o n s  of c r u s t a l  regimes. The approach  . I s  t o  o b s e r v e  and 
sample a s i m p l e  igneous  system t h a t  has produced a we l lhdesc r ibed  
volcanic  event ,  and has not been affected By-geologic events  subrsequent 
t o  emplacement. D r i l l i n g  dur ing  f iscal  years 1984 and 1985, conduc ted  
where t h e  chain l ies  j u s t  ou t s ide  Long Valley Caldera, has sampled the 
d is ta l  and proximal por t ions  of Obsidian Dome, the condui t  of Obs id i an  

I Dome, and  a n  unvented  p o r t i o n  of .the feeder d i k e  -that under l ies  the 
Inyo chain. The 6 0 0 ~ y e a m o l d  system w a s  obser,ved.and sampled a t  dep th  
i n t e r v a l s  of 0 6 0  m, 41CWlO m, and 620450 m, and in igneous u n i t s  1- 
50 m th ick  t h a t  weresemplaced I n  co ld  g r a n i t e  pasement ,  : in  h o t  f a l l 6  

.back tephra ,  and on the surface; A proposed hole  would sample the same 
dike where it  in t rudes  t of the caldera. 

. I The sampled  por  
e rupt ion  products. G l a s s  boundary: zones are  -two orders. of .magnitude 
t h i n n e r  t o  n o n e x i s t e n t  i n  t h e  IntPusive u n i t s  i n .  t he  dome, even 
though parts of the i n t r u s i o n  cooled much faster. d i s t r i  bu t  i o n  of 
ves i c l e s  and residual magmatic water,. stable i s o t  e l a t i o n s  - i n  fresh 
g la s ses ,  and geochemical inferences concerning prererupt ion  c o n d i t i o n s  
i n d i c a t e  t h a t  a large amount of water.was lost  from the system during 
a scen t  of the magma, much of it above the l e v e l  of o b s e r v a t i o n  of the 
i n t r u s i o n ,  cons i s t en t  with known s o l u b i l i t y  r e l a t i o n s  and ex t rus ion  of 
the dome without f ragmentat ion,  ..The magma a p p a r e n t l y  a scended  as  a 
permeable Toam tha t  collapsed t o  Obsidlan as it flowed outward.from the 
vent. G l a s s  w a s  preserved i n  t h e  dome by r a p i d  d e h y d r a t i o n ,  rather 
t h a n  r a p i d  c o o l i n g .  A numer ica l  model f o r  degassing by porous flow 
based on  gas permeabi l i ty  measurements and geometrical cons t r a in t s  from 
d r i l l i n g  shows tha t  t h i s  process occurs i n  hours o r  less, and d isp lays  
cr i t ical  geologic parameters con t ro l l i ng  explosive c versus nonexp los ive  
behav io r .  The change from explosive e rupt ion  t o  dome ext rus ion  dur ing  
the Inyo event (and other s i l i c i c  even t s )  can be a t t r i b u t e d  t o  t he  
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hopitlent of a ,  vent funnel  8 f i lled wi th  'fa1 tephra ,  wi th in  which 
d e g a s s l n g  of a s c e n d i n g  magma could occur ,  : t M n  t o  bre-eruption 
p a d i e n t s  i n  v o l a t i l e  c o n c e n t r a t i o n  w i t h  p a r e n t  magma body. 
Rapid water loss  d u r i n g  decompression produced an isothermally under? 
cooled melt, which w a s  then f u r t h e r  d e v o l a t i l i z e d  by second  b o i l i n g  
( v a p o r  e x s o l u t i o n  d u r i n g  c r y s t a l l i z a t i o n )  over' a per iod  of days  
( i n t r u s i o n )  t o  years (dome).' The second  b o i l i n g  s tage of chemical 
change i n v o l v e d  much higher  c o n c e n t r a t i o n s  of halogens i n  the  vapor 
than the decompression s t age , ' and  w a s  much more complete i n  t h e  i n t r w -  
s ioh t'han i n  t he  dome. A t  s t i l l  deeMr and as  ye t  unobserved l e v e l s  
lrhere g r a n i t i c  rath'er t h a i  f e l s i t i c  t ' e x t u r e s  m u s t '  have deve loped ,  
v o l a t i l e  l o s s  was dominan t ly  by second *boi l ing ,  s i g n i f i c a n t  v o l a t i l e  
content w a s  r e t a ined  by vo la t i l e -bea r ing  c r y s t a l l i n e  phases, a n d  c r y s i  
t a l l i z a t i o n  proceeded from thermodynamica l ly  s t a b l e  r a t h e r  t h a n  
chemically undercooled melt. The observed i n t e r v a l  of the  Inyo  i n t r u s  
s i o n  is  w i t h i n  t h e  zone. of maximum m o b i l i z a t i o n  of halogens,  dur ing  
which process uranium moved out  of the i n t r u s i o n  as well, These obserw 
v a t i o n s  p r o v i d e  t h e  f i r s t  view of an i n t r u s i o n  tha t  produced a young 

.volcanic  event  and .show tha t  chemical. as well as thermal behav io r  of 
magma i s  s t r o n g l y  i n f l u e n c e d  by the' envi ronment  of emplacement.  
Complementary .studies '  of the d r i l l i n g  results, i n  terms of mechan ica l ,  
thermal,. and a d d i t i o n a l  chemical aspects of the i n t r u s i o n  problem, are 
being conducted at three other DOE laboratories, f i v e  u n i v e r s i t i e s ,  and 
the  U. S. and Canadian Geological Surveys. 

Geoscience Research D r i l l i n g  Office (Peter Lysne) 

Tkie D r i l l ' l n g  Off ice  s u p p o r t s  g e o s c i e n t i s t s  by providing f i e l d  logis+ 
t ics ,  gene r i c  hardware, d r i l l i n g  plan developments, permits, c o n t r a c t s  
and c o n s u l t a t i o n  for  CSDPaThermal Regimes research. I n  the past year ,  
d r i l l i n g  a c t i v i t i e s '  took'place a t  Long Valley (Inyo Domes holes  RDO-2b 
and  RDO*3).  and  of f r shore  i n  t h e  S a l t o n  Sea (RDOr6 series and RDO-7 
series; nineteen holes). These' e f fo r t s  were i n  suppor t  of d r i l l i n g  
r e s e a r c h  projects put f o r t h  by p r i n c i p a l  i n v e s t i g a t o r s  from Sandia and 
Lawrence 'Livermore Nat ional  Laborator ies .  P l a n s  are  b e i n g  made for  
a d d i t i o n a l  d r i l l i n g  i n  Long Valley and i n  'the Valles Caldera for  sc ien-  
tists from Lawrence Berkeley and Los Alambs Nat iona l  Laboratories and  
the Univers i ty  of Utah Research. I n s t i t u t e .  

A l i m i t e d  instrumentat ion c a p a b i l l t y  for borehole d i - a g n o s t l c s  is  a l so  
being developed .by the D r i l l i n g  Office.. So far t h i s  inc ludes  a logging 

' t r u c k  with a .highi tpnperature  c a p a b i l i t y ,  d i g i t a l  r e c o r d i n g  equ'ipment 
and some down*hol.e t o o l s ,  . Personnel .  i n  the D r i l l i n g  O f f i c e  are also 
working wi th  n.eutron. po ros i ty  t o o l s  used. i n  -the Ocean - D r i l l i n g  Program 
t o  extend the i r  c a l i b r a t i o n  to . forrnat ions of sc i en t i f l i c  i n t e r e s t .  
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Scope of Work 

Plasmas in the thermonuclear fusion research devices and in space 
around the earth have much in common. The earth’s magnetosphere provides a 
unique opportunity to study some of the basic characteristics of plasmas. 
We have studied basic processes associated with the magnetic reconnection, 
ion heating across a collisionless shock, and the generation of electromag’ 
netic waves through electron cyclotron maser mechanism, that are taking 
place in the solar corona and the magnetosphere. 

We have found that the magnetic reconnection process in the magneto- 
sphere tends to occur with the presence of multiple Xrlines (neutral 
lines), instead of the traditional model with one single Xz-line. This 
multiple X*line reconnection process occurs quasi”periodica1ly and 
impulsively. It leads to the formation of th flux transfer events observed 
at the earth’s dayside magnetopause and the formation of plasmoids and 
substorms observed in the magnetotail. 

Ion heating across a collisionless shock has been one of outstanding 
problems in the study of the theta pinch and.the earth’s bow shock. 
Recently, we find that the nondiabatic motion of the transmitted ions 
across the shock front may be responsible for at least 50 percent of the 
ion heating. 

The auroral kilometric radiation is generated by the electron cyclotron 
maser process in the presence of the energetic auroral electrons (‘5 KeV) 
with a 1ossFcone distribution. We have simulated the cyclotron mass 
process and found that a few percent of the electron energy can be convert& 
ed to the wave energy, which is consistent with observation. The cyclotron 
maser process was recently found to be responsible to the radiation ob+ 
served in some fusion devices. 

University of Alaska researchers are also interested in energyvelated 
geophysical problems in the Arctic region. In particular, they are study6 
ing the electric current induced by auroral activity in power transmission 
lines and in oil/gas pipelines. We have successfully demonstrated that 
auroral activity causes surges in the protective relay 
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system in power transmission lines. An intense surge will open the proteck 
tive relay, causing a systematic blackout: blackouts caused by auroral 
activity are fairly common in Canada where many power transmission lines 
are rather long. By studying the characteristics of the surges, we are 
designing a protective relay system which will not be affected by auroral 
activity. This project is important for the proposed AnchorageAFairbanks 
tie line. We have obtained excellent data to study the relationship be@ 
tween the induced current and the protective relay and thus are analyzing 
them in detail. 

In the arctic region, permafrost provides serious obstacles in energy 
search and oil transport efforts. Thus, the determination of thickness of 
permafrost is increasingly an important problem. We have an impulse radar 
(GSSI), loophloop induction system (EM&31,&34), audio magnetotelluric 
systems, and electrical resistivity devices. I We made an extensive survey 
of permafrost in the Prudhoe Bay area last summer and are analyzing the . 

> data. 
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Scope of Work 
\ I  ~ 

The p u r p o s e  o f  t h i s  p r o j e c t  i s  t o  c h a r a c t e r i z e  t h e  geometry and 
mechanisms of emplacement of s i l i c i c  d ikes tbenea th  the Inyo Domes i n  easte 
e r n  C a l i f o r n i a .  Two related t y p e s  o f  s t u d i e s  have been undertaken t o  
a t t a i n  t h i s  goal: s t r u c t u r a l  g e o l o g i c  mapping and i n t e r p r e t a t i o n ,  and 
microscopic ana lys i s  of d r i l l  core  samples. 

A. S t r u c t u r a l  Geologic Studies  

The Inyo D r i l l i n g  Program was o r i g i n a l l y  based on the hypothesis that  
the  550dyearbold Inyo Domes were f e d  by one o r  more s i l i c i c  d i k e s .  
Pr ior  g e o l o g i c  ev idence  f o r  the presence of d i k e s  included the a l ignk  
ment of the Domes and t h e  a p p a r e n t  s y n c h r o n i c i t y  o f  emplacement o f  
d e p o s i t s  f r o m  t h e  three youngest  v e n t s .  A s  p a r t  o f  t h e  p r e s e n t  
p ro jec t ,  mapping of ground cracks, normal f a u l t s ,  and phreatic c r a t e r s  
around the  Inyo domes and as fgr south as Mammoth Mountain allowed more 
precise s p e c i f i c a t i o n  of t h e  g e o m e t r y  of t h e  b u r i e d  I n y o  d i k e .  
S t r u c t u r a l  ev idence  s u g g e s t e d  t h a t  t he  three youngest Domes and the 
coeval Inyo Craters were fed by a d i k e  that  divided i n t o  a t  least three 
segments  which rose  obl ique ly  toward the nor th  and r o t a t e d  i n  a clock8 
wise d i r e c t i o n  as they  approached the surface. 

The l o c a t i o n  o f  t h e  Inyo d i k e  i n  d r i l l  h o l e  RDO-3A west o f  a l i n e  
connecting the cen te r s  of  Obs id i an  and Glass C r e e k  domes as  well as  
mapping o f  s u r f a c e  s t r u c t u r e s  on and around the two adjacent  domes, 
supported the  idea of 15820 degrees of  clockwise d i k e  r o t a t i o n .  I n  
order t o  b e t t e r  i n t e r p r e t  d i k e  segmenta t ion  and ro t a ion  a t  the  Inyo 
s i t e  w e  have mapped wellkexposed s i l i c i c  d i k e s  a t  th ree  l o c a t i o n s  i n  
Colorado and Arizona.  I n  t h e  d e e p l y  e roded  Summer Coon Volcano of 
southHcentra1 Colorado, s i l ic ic  d i k e s  radiate outward as  f a r  a s  10 km 
from a c e n t r a l  i n t r u s i v e  complex t o  feed outwardlygdipping lava  flows. 
By pro jec t ing  the surfaces of t h e  flows inward we have r e c o n s t r u c t e d  
t h e  v o l c a n o ' s  o r i g i n a l  topography i n  order  t o  see how d i k e  s t r u c t u r e  
v a r i e s  as a funct ion of depth of emplacement. 

I n i t i a l  mapping of Summer Coon ind ica t e s  t h a t  segmentation of d ikes  is 
related t o  their  depth of emplacement. Exposures  n e a r  t h e  c e n t e r  of 
t h e  vo lcano  ( c o r r e s p o n d i n g  t o  depths of 192 km) show t y p i c a l  segment 
lengths  of 500 m t o  1 km. Where these same d ikes  approach  flows n e a r  
the volcano's paleoasurface,  lengths  of 10115 m are superimposed on 
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-1 00+200 m long segments: This ~ superposition’ of small segments on 
larger ones supports the idea that rising dikes may continue to undergo 
segmentation and rotation if they continue to encounter rotating stress 
fflelds; Where the RDO-3A Inyo drill hole’penetrated the dike at a 
depth of 300 m, it had undergone about 8‘degrees of apparent rotation. 
However, if this dike behaved like those at Summer Coon, it might have 
continued t-o rotate a9 ’i’t neared the surface, eventually producing 
surface‘structures like those observed‘ * l5*20 degrees off of 

the effects of emplacement depth on’dike form 
comes from mapping of rhyolite and rhyodacite dike swarms intruded into 
schists in the Castle Dome and Kofa Mountains near Yuma, Arizona. This 
mapping has shown that whereas the overall strikes of the dikes are 
perpendicular to regional directions of maximum extension, in some 
cases their segmentation and rotation is controlled by anisotropic 
properties (schistosity) of the host roCk. Such small scale influences 
are more likely to affect dikes relatively near the surface. 
Similarly, the orientations of the the Inyo dike segments are more 
likely to be affected by structural complexities at shallow depths. 
Locally the Castle Dome dikes expahd into complex brecciated bodies up 
to 100 m wide, comparable to welledocumented basaltic intrusive strut' 
tures in Utah and New Mexico. At two sites in Summer Coon Volcano 
where dikes are seen to feed lava flows, the dikes also widen into 
complicated zones of’brecciation and anastamozing branches. A similar 
intrusive body is inferred to lie beneath Obsidian Dome where the R D O c  
2B drill hole intersected a complex widened zone of the Inyo dike. 

B. Textural Studies 

1 

The Valles and Inyo drill cores have provided the most complete inteL 
rior samples to date of young silicic lava flows. We have used this 
unique suite of samples to investigate the factors controlling the 
development of glassy and pumiceous textures in silicic lavas. We have 
used scanning electron microscopy (both normal and backscatter modes) 
and petrography to characterize the morphology and distribution of 
vesicles, phenocrysts, flow banding, and miurogcracks in various tex” 
tures recognized in drill cor,e .samples. In conjunction with 
geochemical ‘studies performed by other investigators, these textural 
studies lead to models for the role of volatiles in eruption and lava 
flow processes. Such models in turn,are important for the assessment 
of volcanic hazards and geothermal Pesources. 

The key result of our textural studies has been the recognition that 
the 550 year old Inyo Obsidian dome and the 50,000 year old Banco 
Bonito rhyolite flow exhibit nearly identical stratigraphic sequences 
of glassy, pumiceous, and crystalline textures. Field mapping in Long 
Valley ahd the Cascades has also correlated the textures seen in the 
drill cores with those observed on the surfaces of many Holecene 
silicic domes. We have explained th’is sequence in terms of three 
processes: crystallization, effervescence, and shear during flow. 

i 
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J Volatiles released during crystallization of the flow interior migrate 
through micropcracks to the base of the flow's crust, where they pond 
and coalesce to form a volatile'rich, highly inflated zone capable of 
subsequently rising to the flow surface as diapirs, or 0.f erupting 
explosively from the flow front. 

The discovery of a dissected Tertiary age rhyolite dome in WW Arizona 
with the same stratigraphic progression has extended the relevance of 
our model to 8 m.y. old rocks. Examinations of samples from the 2.15 
boy. old Rooiberg felsite, a rheo*ignimbrite from the Bushveld Complex, 
suggests that it also had the same textural sequence prior to total 
devitrification. 
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Scope of Work 

n o s t i c  of changes  i n  t he  so l a r  c o n s t a n t  by m o n i t o r i n g  t h e  f i g u r e  a n d  
diameter of the sun over long periods of time. The d i f f i c u l t y  of obta in ing  
reproducib le  radiometer data over the period of years  t o  decades n e c e s s a r y  
f o r  a s i g n i f i c a n t  s t u d y  of t h e  ,changes i n  solar  luminosi ty  motivated the 
search f o r  an  i n d i r e c t  d i a g n o s t i c .  Such a n  i n d i r e c t  d i a g n o s t i c  o f  
l u m i n o s i t y  is offered by measures  of changes i he-solar shape and mean 
diameter. Techniques measu r ing  f r a c t i o n a l  so l  d i ame t er changes  ove r  
a p p r o x i m a t e l y  9 h r  o b s e r v i n g  runs t o  accuracies of AD/D t o  loh6 are 
being used t o  measure changes over longer ,  c l imat ica l ly  s i g n i f i c a n t  time 
per iods .  The r e l a t i o n s h i p  between t h i s  i n d i r e c t  d i agnos t i c  and the solar 
constant  is being examined. 

1 

A. Technical Developments 

The success  of the program t o  monitor long9 m v a r i a t i o n  i n  t h e  f igure 
and diameter of t h e  s u n  depends i n  large measure on maintaining the  
s t a b i l i t y  of the telescope over simil y long per iods .  To meet t h i s  
r equ i r emen t  , focal  p l a n e  .distant l ibra tor  has been designed and 
b u i l t  for the  SCLERA askrom IC telescope and is b e i n g  t e s t  
device c o n s i s t s  of a p r e l  d i f f r a c t i o n  g ra t ing ,  a focal p l  
l i z e d  l i g h t  s o u r c e ,  l i g h t  detectors  on t h e  s o l a r  d e t e c t o r ,  a n d  
n e c e s b a r y  computer  and c o m p u t e r s r e l a t e d  equipment. The g ra t ing ,  on 
lowbexpansion glass, can be placed’on the  s t o p  of the primary l e n s  f o r  
a c a l i b r a t i o n  and is designed t o  produce f IrstPorder d i f f r a c t i o n  Images 
i n  t he  focal wi th  t h e  approximate a n g u l a r  diameter of t h e  s u n .  
The l i g h t  s is a s i n g l e  mode s t a b i l i z e d  heliumeneon laser. The 
f irst’order d i f f r a c t i o n  maxima are imaged on the  solar detector and are 
used  t o  cal ibrate  t h e  a n g u l a r  f i e l d ,  Th i s  device coexists with t he  
Michelson measuring i n t e r  $meter that  measures d i s t ances  i n  t 
plane.’ The Michelson i n  ferometer has been designed and con 
so that  t h e - w h i t e  l i g h t  f r i n g e  can be detected, us providing f i d u c i a l  
data for daystwday comparison of measurements This system t o  detect 
the white l i g h t  f r i n  has been i n  opera t ion  s l n c e  the summer of 1981 
The c a l i b r a t i o n  s y s t  w a s  put onAl ine  during the  wint 

B. 
4 

a r l y  s e p e n t y  days  of so t e r  measurements  
collected during 1983 w i  the  white- l ight-fr inge de tec t ing  system i n  
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p l a c e  is  i n  i ts  f i n a l  s tages .  It is expected t h a t  these observa t ions  
contain information on the v a r i a t i o n  i n  time of t h e  solar  f i g u r e  and 
mean diameter and s h o u l d  y i e l d  a new'measurement of the v i s u a l  solar 
oblateness .  Such r e s u l t s  s h o u l d  be e x t r e m e l y  v a l u a b l e  s i n c e  solar 
o b l a t e n e s s  o b s e r v a t i o n s  a t  M t .  Wilson f o r  1983 and 1984 have  been 
i n t e r p r e t e d  as showing tha t  the i n t r i n s i c  v i s p l  ob la teness  v a r i e s  wi th  
t he  solar cycle.  Analysis a t  SCLERA has revealed sys temat ic  e r r o r s  i n  
t h e  M t .  Wilson w o r k  d u e  t o  r e l a t i v e  c h a n g e s  i n  l i m b + d a r k e n i n g  
funct ions.  The SCLERA work is not vulnerable  t o  t h i s  t y p e  of error and 
is therefore of more fundamental value i n  looking f o r  changes i n  s h a p e  
and associated changes i n  the solar constant .  

C. Theoretical Work 
. I  

Our a b i l i t y -  t o  i n f e r  a p a r t i c u l a r  luminosi ty  change from, for example, 
an observed change i n  the  mean solar diameter has been q u i t e  l i m i t e d .  
A t  p r e s e n t  there  is- a d i f f e r e n c e  of a p p r o x i m a t e l y  three orders  of 
magnitude between 'the least  and the greatest s e n s i t i v i t y  t h a t  has been 
suggested. t h i s .~ l a rge  range i n  the estimates of the s i n s i t i v i t y  is, i n  
part, a ref ie6t ion 'o ' f  t h e - s e v e r a l  d i f f e r e n t  p h y s i c a l  processes t h a t  
have been c o n s r d e r e d  p ' o t e n t t a l l y  i m p o r t a n t  i n  producing luminosi ty  
changes. However; of equal ihiportance 'have been d i f f e r e n c e s  i n  t h e  
t r e a t m e n t  of t h e  b o u n d a r y  c o n d i t i o n s  i n  t h e  s o l a r  e n v e l o p e .  
Considerable success  has been" achieved i n  r e f i n i n g  the treatment  of the 
boundary condi t ions.  Tes t ing-of  the t h e o r e t i c a l  work-&as been ahcieved 
by address ing  the 'observa t lona l  d i s c r i p a n c y  between t h e  d i f f e r e n t i a l  
v e l o c i t y  o b s e r v a t i o n s  and t h e  solar dlameter observa t ions  of the 160 
min period solar  o s c i l l a t i o n .  It has. been d l s c o v e r e d  a t  SCLERA that 
the Doppler s h i f t  s tudies  of the 160 m l n  period o s c l l l a t i o n  are detecta 
ing not  real ve loc i ty  but an appapent- ve lbc i ty ' due - ' t o  surface r o t a t i o n  
of the  s u n  and t h e ' p e r t u r b a t i o n  of 'the r a d i a t i o n  i n t e n s i t y  due t o  the 
temperature e i g e n f u n c t i o n  of the  o s c i l l a t i o n s .  T h i s  d i s c o v e r y  and  
r e c o n c i l i a t i o n  of t'he two t y p e s  of o b s e r v a t i o n s  r e p r e s e n t s  a s i @  
n i f  i can t  tes t  of the ' theory .  

A major breakthrough i n - t h i s  area has-been achieved wi th  work on longs 
per iod i n t e r n a l  gravity.modes-of the sun, ' A t  SCLERA, 152 g r a v i t y  modes 
have been success fu l ly ' de t ec t ed  and ciassi'f ied us ing  the  solar diameter 
o b s e r v a t i o n s .  E v i d e i c e  of ' these modes i l s o  found i n  t o t a l  irh 
r a d i a n c e  o b s e r v a t i o n s .  For frequency-of b s a c i l l a t i o n  = 100 pHz it is 
observed tha t  = 44% of - the  v a r i a b i i i t y  i n  the- total  i r r ad iance  spectrum 
is  due t o  g r a v i t y  modes, wi th  the r e s t  'due- to  r o t a t i o n  of solar a c t i v e  
regions.  Because of the very 1ong.coherence times of g r a v i t y .  modes, 
t h i s  f r a c t i o n  has v e r y  impor-tant '  i m p f i c a t i o n s  for p red ic t ing  future 
v a r i a t i o n s  i n  the '  solar lumlnosity.  

The combina t ion  of'  so l a r  d i ame te r .  'o'bse?vations and to ta l  i r r ad iance  
o b s e r v a t i o n s  f o r ' t h e  s t u d y  "of t h e  c l a s s i f i e d  gAm'ode s p e c t r u m  has  
a n o t h e r  i m p o r t a n t  f u n c t i o n  as  w e l l .  Tkirough t h e  combined sets  of 
observat ions,  it has been poss ib l e  t o  s tudy  the l imwbr igh ten ing  of the 
r a d i a t i o n  i n t e n s i t y  associated.with the' gclmodes. This permits a direct 
observa t iona l  s tudy of the' ra t lo  of- t h e ' f r a c t i o n a l  change i n  luminosi ty  
t o  the f r a c t i o n a l  change i n  the sol&- diameter and shows a s e n s i t i v i t y  
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t o  l u m i n o s i t y  v a r i a t i o n s  for solar diameter observat ions that is an 
order of magnitude higher than the corresponding s e n s i t i v i t y  found i n  
t o t a l  i r r a d i a n c e  o b s e r v a t i o n s .  To the  e x t e n t  t h a t  t h i s  r a t i o  i s  
character f s t i c of the  1 ower Y f r equen cy, c 1 lma t i c a l l  y s i gn i f i c a n t  1 y 
v a r i a t i o n s ,  these new f indings  should be very usefu l .  They w i l l  be an 
i n v a l u a b l e  a i d  i n  t h e  i n t e r p r e t a t i o n  of the  r e s u l t s  of t h e  s o l a r  
diameter observations.  
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Scope of Work 
1 -  

The f o c u s  of a c t i v i t y  a t  t h i s  l a b o r a t o r y  is o n  a p p l y i n g  n a t u r a l  
e lectromagnet ic  methods along wi th  other geophysical techniques t o  s tudying 
the dynamical processes  and thermal regimes associated w i t h  c e n t e r s  of 
major v o l c a n i c  a c t i v i t y .  We are p resen t ly  emphasizing s t u d i e s  of the Long 
Valley/Mono Craters Volcanic Complex and t h e  Cascades Volcanic B e l t .  T h i s  
work addresses .ques t ions  regarding geothermal energy, chemical transport of 
minerals  i n  the c r u s t ,  the  emplacement of economic ore depos i t s ,  and op+ 
timal s i t i n g  of dr i l lPholes  for s c i e n t i f i c  purposes. 

A. M a g n e t o t e l l u r i c  S t u d i e s  of t he  Long Valley/Mono Craters V o l c a n i c  --- 
Complex 

A v a r i e t y  of recent  s t u d i e s  have stressed t h e  p o s s i b i l i t y  of renewed 
vo lcan i sm i n  Long V a l l e y  caldera. Beginning  i n  October of 1978, a 
sequence of moderate ea r thquakes  o c c u r r e d  n o r t h w e s t  of Bishop,  c u l g  
m i n a t i n g  i n  May 1980 w i t h  what  is  now ca l led  t h e  Mammoth lakes 
earthquake sequence, of which eleven events  have magnitudes close t o  5 
or larger.  I n  October 1981, a r e g i o n a l  m a g n e t o t e l l u r i c  survey was 
i n i t i a t e d  i n  east c e n t r a l  Ca l i fo rn ia  by Brown U n i v e r s i t y  i n  a n  e f fo r t  
t o  s t u d y  a c t i v e  volcanic  cen te r s  along the  e a s t e r n  f r o n t  of the S i e r r a  
Nevadas and t h e i r  r e l a t i o n s h i p  t o  r e g i o n a l  e x t e n s i o n  i n  t h e  Great 
Bas in .  A t  p r e s e n t ,  data from some 85 f i e l d  s i tes  i n  t he  Long Valley 
area have been a c q u i r e d .  Wi th in  t h e  Long V a l l e y  caldera,  MT data 
r e f l ec t  low r e s i s t i v i t i e s  associated w i t h  t h e  caldera f i l l  and/or 
f e a t u r e s  i n  t h e  basement. I n  p a r t i c u l a r ,  i n  t h e  s o u t h w e s t  moat both 
t h e  t e l l u r i c  f i e l d  and magnetic induct ion parameters reflect a strucc: 
t u r a l l y  con t ro l l ed  eastkwest cu r ren t  system a t  r e l a t i v e l y  shallow depth 
i n  t h e  c r u s t .  This elongated eas thues t  zone is a l igned  a long  a b e l t  of 
seismic a c t i v i t y ,  a zone of seismic shear wave a t t enua t ion ,  and a zone 
of known hydrothermal a l t e r a t i o n .  If a s t r i c t l y  twokdimensional i n t e r 6  
p r e t a t i o n  were v a l i d ,  the a c t u a l  r e s i s t i v i t y  should be less than 21 ohm 
m a t  7 km, 13 ohm m a t  11 km, and 9 ohm m a t  18 km. thus  there is some 
ind ica t ion  of a sys temat ic  decrease of r e s i s t i v i t y  a t  d e p t h s  g r e a t e r  
t h a n  6-7 km. O u r  present  th inking  sugges ts  that  the  SW moat is unders 
l a i n  by an i n t e n s e l y  brecciated shear zone l u b r i c a t e d  by c l a y s  and 
hydro the rma l ly  altered materials assoc ia ted  w i t h  the  same hydrothermal 
r e s e r v o i r  as the nearby Casa Diablo geothermal f i e l d .  
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Mono Craters, t o  the north of Long Valley, a r e  homogeneous, recent 
( less  than 1000 y r  old), and erupt frequently. It has been suggested 
that they  were extruded from a single magma chamber, largely molten and 
perhaps s t i l l  r i s i n g  t o  t h e  surface.  If such a magma body were 
present, it should be readily detected using magnetotelluric methods. 
However? we have seen l i t t l e  evidence .for one i n  MT data from the area 
of t h e  inferred r i n g  f r ac tu re  of Mono Craters.  'we argue t h a t  any  

d in our data, or 
too deep. 

I 

B. 

One of the principal tec tonic  elements i n  t h e  Long Valley volcanic 

faul ts  having c h a r a c t e r i s t i c  o f f s e t s  vera1 kms. I n  
attempting t o  characterize the subsurface t r y  of t h i s  structure we 
have reinterpreted regional gravity and e data In terms of simple 3+0 
models. The s i m i l a r i t y  between our gra and MT models clearly 
underscores the fact  that  both types  of dat 
the same geologic features: 

1 l y ing  basement, and the.maj or' boundary taul-ts . I i t i o n ,  we now 
have clear  evidence for  a r e s i s t i ve  feature (a " aphic high" or 
horst b lock)  cu t t i ng  across the main body of the caldera from the 
northwest t o  the southeast. The MT dat 

tinuous across the caldera than d V i t Y  and l i m i t e d  dr i l l ing 
e f e e l  t h a t  t h i s  fea tu  l y  associated with the 

s truct tu" il evolution a r t  icularl  y w i  t h  pa t te rns  
of recent 

Employing MT data, ue were able  oundary f a u l t  i n  the  
northwest moat w i t h  a precision of better than 0.5 km because. of the 
close spacing of m e totel lur ic  s i t e s  I n  t h i s '  region. I 
data from the eastern moat suggest that the structure the 
steeper, than recent seismic and gravity models seem t o  suggest. Thus 
one is i n c l i n e d  t o  reconsider the s teep  bounding f a u l t ( s )  model 
proposed same years ago by Pakise.r, b u t  our data sugges t  a v e r t i c a l  
throw across t h i s  boundary of approximately 2 km, rather than the 5 km 
originally proposed by Pakiser . 
Numer 1 cak Model ing 

The application of geophysical techniques t o  real  problems i n  the f i e l d  
a r e  of ten constrained by the adequacy of modeling algorithms necessary 
t o  interpret the actual data. Whereas there is no problem i n  pr inc ip le  
i n  solving the complete 3'D induction problem for a rb i t r a ry  structures, 
and source f i e l d  geometries, such an approach is not t r a c t a b l e  on 
presentrday computers. As an a l t e rna t ive  t o  t h i s  scheme, we have 
developed a number of simple algorithms which. a r e  oomputationally 
e f f  i c i en t .  For example, a new f l n i t e  difference form simulates the 
distortion of t e l l u r i c  f lelds by three*dimensional azimuthally sym-. 
metric s t ruc tures .  In  another case, a simple threerdimensional t h lnb  
sheet model has been u s e d  t o  e v a l u a t e .  t h e  bias of longuperfod 
magnetotelluric pa eters i n  the presence of modest current channeling 

I complex is a deep basinslike caldera bo dipping normal 

largely inf  l u e  
the caldera f i l l ,  top0 

I 

C . 
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a t  shallow depth. I n  terms of more refined 3-D models, a new se t  of 
f in i t e  difference operators has been developed t o  simulate broad-band 
electromagnetic induction i n  azimuthally symmetric 3nD structures. The 
accuracy of t h i s  algorithm was tested against  known ana ly t ica l  soluA 
tions leading t o  accuracies of better than 5%. 

D. A Magnetic Variation Study of the Oregon Cascades 

The most recent research e f f o r t  undertaken by t h i s  group Involves a 
magnetic variation s t u d y  of the Cascades volcanic system. Dur ing  the 
summer of 1985, a detailed eastswest profile w a s  conducted i n  central 
Oregon by Brown University as part of the EMSLAB Project (EOS, p. 700, 
October 8, 1985) . Made u p  of 75 remote reference magnetic variation 
s ta t ions , spaced  a t  344 km, the p ro f i l e  s t r e t ches  f o r  225 km from 
Newport, on the Oregon coast ,  across the Coast Range, the Willamette 
Valley, and the H i g h  Cascades t o  a point approximately 50 kin e a s t  of 
Santiam Pass. A t  a l l  of the MV stations, data were collected for  s h o r t  
periods (4P100 sec),  and a t  17 of these s t a t i o n s  data were a l s o  ob& 
tained a t  longer periods (4*4000 sec). A l l  s i t e s  were operated from a 

- four wheel drive van w i t h  a microcomputer ( D E C  PDP 11/73] based data 
a c q u i s i t i o n  s y s t e m  and a three  component r i n g  core f luxgate  mag? 
netometer (Nanotesla) easily deployed by a s ing le  operator i n  rugged 
t err ain . 
Star t ing  on the coast a t  the west end of our prof i le  and  moving e a s t ,  
we observed f i rs t  a large coast effect associated with a significant 
wedge of sediments offshore, next the effects of the conductive sed i s  
ments  of the  Wil lamette  Val ley t o  t h e  e a s t ,  and f i n a l l y  t h e  
contribution from electr ic  currents centered beneath the H i g h  Cascades. 
T h i s  l a t t e r  current system may be associated w i t h  the sedimentary f i l l  
of a graben structure beneath Santiam Pass, or i t  m i & t  be p a r t  of the 
volcanic s t ruc tu re  of the H i g h  Cascades. We are presently continuing 
the analysis of these data using a generalized 24D inversion algorithm. 



~ 

x -  * .8 I 
I 

CALIFORNIA INSTITUTE OF TECHNOLOGY- 
Seismological Laboratory, Division of 
Geological and Planetary Sciences 
Pasadena, Califo 5 

G r a n t  r DE*FG03*85ERl3422 

T i t l e :  In S i t u  Stress i n  Deep Boreholes 

Person i n  Charge: T. J. Ahrens 

Scope of Work 
, 

Knowledge of the in  s i t u  s t ress  in  the earth is important t o  our under- 
standing of contemporary tectonic, geothermal, and rock-forming proteases, 
and provides information which is required t o  exploit energy resources and 
store waste i n  the earth. 

-- 

r r  .. ~, 

We have been developing a new type stressmeter which employs i n t e r r  
f er'ence holography and by means of laboratory and fi'eld measurements, we 
are attempting t o  turn i t  into a useful geophysical tool .  T h i s  tool  w i l l  
i n i t i a l ly  be used to-measure the - s ix  ( 6 )  corn s of the s t ress  tensor i n  

? f i l l e d  scient i f ic  boreholes. 

Although our p r e v i o u s  work was'scarried out w i t h  a 12" laboratory 
prototype, our present effort is directed t o  completion of a 6" prototype 
apparatus which' w i l l  operate uncasetl and :in mudqfilled boreholes. This new 
device operated as fo1lows: In i t i a l ly  the device is lowered a depth incre" 
ment i n  t h e  borehole. The borehole wall is scrubbed free of mud. The 
differential -;pressure is controlled system wf t h  N 'to equal the ambient 
pressure,  In f l a t ab le  packers then center t h e  devfce i n  the borehole, and 
then the device is locked i n  place. The mud in the  ho1e;section t o  be 
viewed h o l o g r a p h i c a l l y  i s  then exchanged w i t h  c lear  water. Then a 
holographic exgosure is taken of the borehole wall ,  a sidehcore hole is  
drilled'which relieves i n  s i t u  stress, and a second hologram is taken. The 
resu l t ing  interference hologram yields  a map of displacement, which is  , 
inverted t o  obtain the s i x  (6) components of the i n  s i t u  s t ress  tensor. A 
new concept for measuring quasifistatic moduli of rock i n  s i t u  via indention 
and holographic interferometry, w i l l  be used t o  obtain the e las t ic  moduli 
of the rock. The method of obtaining e l a s t i c  moduli was t e s t e d  i n  
boreholes i n  o i l  shale i n  Garfield County, Colorado and i n  a marble quarry 
near MoJave, Ca. I n  the case of the marble quar ry  we ope ra t ed  t h e  
holographic instrument completely independently of u t i l i t i e s  i n  the f ie ld  
from the surface . To col laborate  e l a s t i c  measurements, l a b o r a t o r y  
u l t rasonic  experiments were performed on three (3) marble samples taken 
from the surface near the borehole. i c  compressional wav velocities a t  
1 MHz of 4.6 + 0.3 km/s  with  a mea8 

-- 

'density of 2.70 g/cm 5 gave a - 
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dynamic Young's modulus of 48  + 6 CPa. The u n c e r t a i n t y  is pr imar i ly  a 
r e s u l t  of the uncer ta in ty  i n  the v e l o c i t y  measurement. T h i s  is s l i g h t l y  
lower t h a n  the holographical ly  determined marble static Young's modulus of 
56 + 8 GPa. Whether the d i f fe rence  can be accounted for by the  d i f f e r e n c e  
i n  The , f requency and/or d p l i t u d e  of the i n t r i n s i c  s t r a i n s  assoc ia ted  with 
these d i f f e r e n t  techniqires or as a r e s u l t  of sampl ing  of 2 s i t u  stress 
di f fe rences  requires further study. 

The recent  f i e l d  experiments i n d i c a t e  t h a t  the h o l o g r a p h i c  method can 
determine t h e  &-I s i t u  Young's modulus with an accuracy of 2 15%. The oil 
shale r e s u l t s  sugges t  t h a t  t h i s  u n c e r t a i n t y  can  be lowered t o  5% w i t h  
c a r e f u l  c a l i b r a t i o n  of the appl ied  polht fo rce  and high holographic image 
qual i ty .  Future  work w i l l  c o n c e n t r a t e  on  l a b o r a t o r y  c a l i b r a t i o n  of the  
method on  materials o f ,  wellcknown e l a s t i c  moduli  and on  techniques for 
inversion of the observed fringe p a t t e r n s  for  t h e  d i sp lacemen t  f i e l d  t o  
a b h i e v e ' a n  estimate of P o i s s o n " s  r a t io .  b i t h  t h e  completion of the 6" 
instrument, later t h i s  year, we expect t b  carry out  measurements of i n  s i t u  
stress i n  boreholes i n  the western Mojave near Palmdale (San Andreas f a u l t )  
area of Californ' ia.  In  the Pa lmda le  (San Andreas f a u l t )  area, e x i s t i n g  
(USGS) boreholes w i l l  be reoccupied i n  order  t o  obta in  detailed data of the 
amplitude and o r i e n t a t i o n  of. the shear stress versus d e p t h  and t o  compare 
w i t h  prev ious  hydrofracture r e su l t s .  'Exis t ing  data suggest  that  the shear 
stress may increase  wi th  depth a t  a rate of "8 MPa/km imply ing  3 0  t o  80 
MPa shear stresses a t  t h e  6 t o  10 km depths of earthquakes. The latter 
high shear stresses are d i f f i ' c u l t  to  r econc l l e  with the  lack of geothermal 
anomaly associated w i t h  t he  San Andreas f a u l t  zone and the low apparent 
values of stress releases associated w i t h  earthquakes along the  f a u l t .  We 
a l s o  expec t  t o  carry out'measwements i n  a cool dr i l lhole  now a v a i l a b l e  t o  
Sandia i n  the Long.Valley caldera. I n  Long Val ley ,  t h e  o r i e n t a t i o n  and 
ampl i tude  of the in . s i t u  stresses is expected t o  be radial with respect t o  
the caldera s t r u c t u r e  and y i e l d  radial, t ens iona l ,  compressive, or reg iona l  
stresses depending on t h e  stage of e v o l u t i o n  t o  which t h i s  complex has 
evolved. 
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groups. The fact ' that  water dissolyes i n  gmorphous s i l i c a t e s  as a t  l e a s t  
wo d i s t i n c t  s p e c i e s  ra i ses  i n t e r e s t i n g  i s s u e s  i n  isotopic geochemistry. 
or. example,  is .there a hydrogen i s o t o p i c  f r a c t i o n a t i o n -  b e t w e e n  t h e  

m o l e c u l a r  water and.  hydroxy l  g roups  i n  glasses and melts? ,If so, is it 
temperature or  composition dependent? W i l l  t h e  vapor /me l t  f r a c t i o n a t i o n  

( a )  for hydrogen vary wi th  the water content  of the melt due t o  the  
changing r a t io  of molecular water t o  hydroxyl g roups=as  t h e  water c o n t e n t  
c h a n g e s ?  W i l l  t h i s  have -an i n f l u e n c e  o n  the  v a r i a t i o n s  i n  hydrogen 
Tisotopic c h a r a c t e r i s t l o s  of magma bodies ,as t h e y  c t i n u o u s l y  degas or 
otherwise exchange ,-hydrogen wi th  their  sw.rgundings? he answers ,to these 
and related ques t iQns  would con t r ibu te  t o  .ou r  unde r s  d i n g  of t h e  basic 
p h y s i c a l  chemis t ry  of hydrogen i n  s i l i c a t e  melts and glasses, could be 
appl ied t o  geothermometry.  of :voLcanic glasses, and  would p r o v i d e  data  

t i a l  t o  u n d e r s t a n d i n g  t h e  e y o l u t i o  f v o l c a n i c  systems and their  
ated hydrothermal' a t i o n  system These r e s u l t s  c o u l d  a l s o  be 

v a l u a b l e  i n  a p p l i c a t i o  glass t echno logy  t o  development of nuclear  
waste disposal strategies. 

the combinati of in f r a red  spectroscopy 
eochemistry,  t o  t-he s t u d y  of t h e  v a r i o u s  hydrogen' 

b e a r i n g  s p e c l e s  d i s s o l v e d  i n  s l J i c a t e  melts and glasses. We have 
demonstrated during the  -current  .grant ,periQd tha t  i n f r a r e d  spectroscopy is  
a preclse "and a c c u r a t e  too$ for measu r ing  t h e  concen t r a t ion  of "water" 
d isso lved  i n  n a t u r a l  and s y n t h e t i c  r h y o l i t i c .  and  ,basa l t ic  glasses. The 
I advant ages of he i n f r a r e d  technique are tha t  i t  is nonadestruct ive;  it can 
be aimed a t  reg ions  of glass as small as a few t e n s  of microns i n  diameter 
and a v o i d s  s u r f a c e * c o r r e l a t e d  (e.g., adsorbed) water; it can be used t o  
analyze water conten ts  as low as  a few p a r t s  pe r  m i l l i o n  and as  h igh  as 
t e n s  of weight p e r c e n t ;  and it g ives  information on the concent ra t ions  of 
d i f f e r e n t  forms of d isso lved  water (e.g., molecules of' water and hydroxy l  
g r o u p s )  i n  glasses. C o n v e n t i o n a l  t echn iques  for water a n a l y s i s  m u s t  be 
used t o  s t anda rd ize  the  i n f r a r e d  technique. Great care must  be t a k e n  t o  
a v o i d  c o n t r i b u t i o n s  from s u r f a c e k c o r r e l a t e d  water i f  conventional tech' 
niques are used; we have found, however, that adsorbed water can usua l ly  be 
r e c o g n i z e d  by its d i s t i n c t i v e  i s o t o p i c  composition. Surpr i s ing ly ,  hea t ing  
t o  2OOOC is not  s u f f i c i e n t  t o  remove a l l  adsorbed water from f l n e b g r a i n e d  
g lass  powders. 

-1 09- 



- 9  a .  

We have used our combined in f r a red  spectroscopic  and hydrogen i so top ic  
approach t o  s tudy v o l a t i l e s  i n  a ser ies  of o b s i d i a n s  from the 1400 A.D. 
e r u p t i o n  of the  Mono Craters chain i n  c e n t r a l  Cal i forn ia .  Obsidians were 
co l l ec t ed  from domes and from tephra deposits. The wa te r  c o n t e n t s  of the  
o b s i d i a n  c l a s t s  d e c l i n e d  as t h e  e r u p t i o n  proceeded ,  from about 2.5w3.0 
weight percent i n  the earliest phase of the e rupt ion  t o  about  0.1 p e r c e n t  
i n  t h e  youngest  dome. A t  most s t r a t i g r a p h i c  l e v e l s  there is a range of 
water contents  from clast t o  clast, though each clast  i s  homogeneous. The 
D / H  r a t i o  dec reased  a l o n g  w i t h  t h e  t o t a l  water con ten t  as the erupt ion  
proceeded; the  observed t rend  cannot be modelled as having being formed by 
p r o g r e s s i v e  degass ing  from a s i n g l e ,  watererich melt i f  a constant  D/H 
f r ac t iona t ion  f a c t o r  between melt and vapor is assumed. 

The p ropor t ions  of water dissolved as hydroxyl groups and as molecules 
of water i n  these glasses vary smoothly wi th  t o t a l  water c o n t e n t  based on 
i n f r a red  spectroscopic  measurements. Hydroxyl groups are the dominant form 
of dissolved hydrogen a t  low water c o n t e n t s ,  b u t  mo lecu le s  of water are 
detectable  i n  a l l  glasses w i t h  0.25 weight p e r c e n t  or more water. The 
amount of water dissolved as molecules of water i n c r e a s e s  p r o g r e s s i v e l y  
w i t h  t o t a l  water c o n t e n t  u n t i l  a t  about  2 p e r c e n t  by weight dissolved 
water, more than half of the water is present i n  t h i s  form. The amount of 
water d i s s o l v e d  as  hydroxyl  groups changes l i t t l e  wi th  increas ing  total  
water content beyond t h i s  point .  If D and H f r a c t i o n a t e  between d i s s o l v e d  
hydroxyl groups and molecules of water as w e l l  as between these species and 
coexis t ing  waterhrich vapor, the v a r i a t i o n  i n  the r a t i o  of molecular water 
t o  hydroxyl  groups with total  water content would l ead  t o  a dependence on 
water content of the f r a c t i o n a t i o n  of  D and H between melt and vapor .  We 
have found t h a t  i t  i s  p o s s i b l e  t o  model the t r end  of H20 content VS. D/H 

r a t i o  observed i n  t h e  Mono Craters assuming a concen t r a t ionhdependen t  
f r a c t i o n a t i o n  f a c t o r  that  incorporates  the observed spec ia t ion  of water i n  
glasses. 

We have .begun t o  conduct  l a b o r a t o r y  experiments aimed a t  determining 
the f r a c t i o n a t i o n  of D and H between melt species (OH and H20) and  hydrous 
vapor .  Knowledge of these f r ac t iona t ions ,  their  compositional dependence, 
and the i r  temperature dependence should provide cr i t ical  i n s i g h t s  i n t o  t h e  
d e g a s s i n g  behavior  of magmas such as those erupted a t  the Mono Craters, 
perhaps i n t o  the temperatures a t  which d e g a s s i n g  o c c u r r e d ,  and i n t o  t h e  
l o c a l  s t ruc tura l  envi ronments  of hydroxyl  groups and water molecules i n  
me1 ts . 

- 1  1o.t 
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r.s i ve Transpor t  of 
Hydrothermal 

m _. I , . ,  

Scope of Work 

ment .and .application of a cow 
p r  ehensi ve , quanti t a t  i ve ,, mu1 ti!%copponent .:chemical. t r a n s  po r t  mode 1 
incorporating waferkrock .interaction i n  h hermal systems. Waterrrock 
interaction plays an. important emical processes, includs 
i n g ,  weathering, evolution o 'r,ocks i n ,  sedimentary basins,  
containment of radioaotive waste In  reposi tory s i t e s ,  and formation of 
hydrothermal ore deposits, * -  6uantitative,numerical .models integrating mass 
transport with-chemical r,eactlons, are essent ia l  for  a fundamental underfi 
standing of such processes, .The- mode sed t o  describe transport 
of mass i n  porous media coupled-*tk revers  e r s i b l e  chemical 

Current Activities A 

Research c a r r i  vided i n t o  three  
categories: ( i o  code development, (ii.) applications, and (iii) theoretical 
modeling. 

The current version of the comput r code HCCTM ,(XultikComponent 
Chemical Transport Hodel) *can be used t o  calculate one-dimensional IsotherM 
mal mass tran dvection and diffuslon/dispersion coupled t o  both 
r eve r s ib l e  a w and het ous chemical reacn 

-so lu t ions  code includes an 
s for the s t a r t i n g  

The focus of 

ac t  Ions. 

t l a l  and boundary co 
fauid compositions . 

Several modifications were made. t o ,  the comput 
putational efficiency and its a b i l i t y  t o  model- c rea l i ty .  These 

nclude addi t ion of a switching algorithm as primary aqueous 
position of the so lu t ion  

changes wi th  time qnd dis tance,  Thls  modification is essential t o  model 
mplex systems i n  which . I  the concentrations of ., certain . species (e.g. A l * + ,  

l(OH)'+, etc.) change by.many orders -of magnitude as the solution 
passes through different pH regimes. -.The switching algorithm is now being 
extended t o  include both homog8neous hnd heterogeneous reactions, which 
w i l l  permit use of the same size Jacobian matrix regardless of the number 

,species those that predominate as the chemica 

minerals that are i n  local. equilibrium ,with the f 

. .  
, .  

' >  
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Cons ide rab le  progress was made during FY85+86 i n  testing the use of a 
f ixed  g r i d  of node poin ts  t o  so lve  the moving boundary problem i n h e r e n t  i n  
the  partial  d i f f e r e n t i a l  equations represent ing  chemical r eac t ions  and mass 
t ranspor t .  The resul ts  of f i n i t e  d i f f e r e n c e  c a l c u l a t i o n s  were compared 
w i t h  e x a c t  ' s o l u t i o n s  f o r  s e v e r a l  h y p o t h e t i c a l  minerals r eac t ing  with an 
aqueous phase f o r  two cases: t h e  steadyPstate l i m i t  and t r a n s i b n t  flow 
regime. I n  t h e  la t ter  case, discovery of an exact  so lu t ions  t o  the  f i n i t e  
d i f fe rence  equat ions  provided a unique opportunity t o  a n a l y z e  t h e  e f fec ts  

" cif- a f i x e d '  g r i d  on t h e  f i n i t e  d i f fe rence  ca lcu la t ions .  One a s h o r t  time 
-scale%ompared t o  the  time requi red  f o r  a mineral  t o  d isso lve  completely a t  

a s i n g l e  node poin t ,  the f i n i t e  d i f fe rence  approximation y i e l d s  a spurious 
representa t ion  f o r  'the concentrat ion and mineral  volume f r ac t ion .  However, 
t h e  f i n i t e  d i f f e r e n c e  a l g o r i t h m  reproduces t h e  a v e r i g e  behavior of the 
r eac t ion  f r o n t  and the concentrat ions of  r eac t ing  species, provided advance 
of the  f r o n t  is s u f f i c i e n t l y  s lo  

. The t r anspor t  model is cur ren t ly  being appl ied t o  metasomatic a l te ra4  
t i o n  of m i n e r a l s  in' gebchemical  processes such  as chemical weathering, 
hydrothermal ore  deposi t ion,  metamorphism and diagenesls.  These processes 
involve t r anspor t  of ma te r i a l  by f l u i d s  sometimes over large d i s t ances  that 
may be i n  disequi l ibr ium o r  p a r t i a l  equi l ibr ium wi th  t h e  s u r r o u n d i n g  h o s t  
rock. The f l u i d s  may fdrm r e l a t i v e l y  concentrated e l e c t r o l y t e  so lu t ions .  
'Is the hose rock reacts with the  f l u i d ,  secondary  m i n e r a l s  form i n  spaF 
t i a l l y  separated r e a c t i o n  zones, which may propagate with time i n  response 
t o  migration of the f l u i d s .  The reac t ion  r a t e s  of minerals  i n  metasomatic 
p r o c e s s e s  r ange  from s u r f a c e k c o n t r o l l e d  rates f o r  r eac t ing  minerals that  
are not  i n  equi l ibr ium with the f l u i d ,  t o  r eac t ion  rates tha t  are c o n t r o l +  
l e d  by t h e  rate of mass t r anspor t  if local equi l ibr ium is maintained. For 
s i l i c a t e s ,  s u r f a c e - c o n t r o l l e d  r e a c t i o n s  g e n e r a l l y  p r e v a i l  a t  low 

o a quasigsteady state condition. 

I 

I temperatures. 

Recent numer i ca l  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  t h i c k n e s s  of a 
m e t a s o m a t i c  r e a c t i o n  zone does  n o t  n e c e s s a r i l y  incr_ease  w i t h  time i n  
p r o p o r t i o n  t o  the r a t e  of f l u i d  f low.  Rather, o n l y , c h a n g e s  i n  'flow 
ve loc i ty  r e s u l t  in-changes i n  the thicknesses  of the r eac t ion  zones, except 
for the zone farthest downstream which advances  a t  a r e t a r d e d  ' v e l o c i t y ,  
These ca l cu la t ions  demonstrate tha t  f o r  a s teady,  nonkdisperslve f l u i d  flow 
rate which is affected neg l ig ib ly  by changes i n  poros i ty  and p e r m e a b i l i t y ,  
and  for which t h e  host rock is f a r  from equi l ibr ium with respect t o  the 
i n f i l t r a t i n g  f l u i d ,  the r eac t ion  zone thickness is constant  for a l l  of t h e  
zones  e x c e p t  t h e  l a s t  one downstream, which grows continuously wi th  time. 
Th i s  behavior is a consequence of t h e  n a t u r e  of s t e a d y ,  n o n 9 d i s p e r s i v e  
f l u i d  f low,  referred t o  as  p l u g  flow. In  the  region i n  which the thick- 
nesses  of the r eac t ion  zones are constant ,  a s t e a d y  s t a t e  is establ ished 
which p e r s i s t s  e i t h e r  u n t i l  t h e  minerals i n  t he  hos t  rock completely dis-  
'solve o r  u n t i l  changes  i n  p o r o s i t y  and p e r m e a b i l i t y  a r e  caused  by t h e  
r e a c t i o n s ,  which t h e n  a f f ec t  t h e  r a t e  of f l u i d  flow. The steady state 
l i m i t  of the continuum based c a l c u l a t i o n s  agree a p p r o x i m a t e l y  w i t h  t h e  
results obtained from reac t ion  path ca l cu la t ions  for open systems, i n d i c a t r  
ing t h a t  such ca l cu la t ions  can be appl ied  d i rec t ly  t o  systems dominated by 
advective f l u i d  flow. Although open system ca lcu la t ion  of t h i s  kind cannot 
predict d e t a i l e d  ea r ly  t r a n s i e n t  behav io r ,  t hey  a f f o r d  r e a s o n a b l e  apd 
proximation of long'term behavior with minimal computational expense. 
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A double porosity model was' formulated t o  ca lcu la te  mass t ransport  
coupled t o  f luid/rock Interact ion on both macroc! and microscopic scales. 
Such a model is essent ia l  for describlng geologic systems i n  which t h e  
chemical composition of f l u i d  i n  a fracture network is determined both by 
-its interaction with the surrounding host:rock.and by f l u i d s  seeping out of 
the rock. The double.poros1ty model is characterized by two distinct m a s s  
transport systems, one associated w i t h  f luid .flow by advection and dispere 
s ion w i t h i n  a f r ac tu re  network, and the other by diffusion and advection 
wi th in  porous blocks enclosed by t h e  f r ac tu re  network. Each of  these 
t ransport  systems is associated w i t h  g rea t ly  d i f f e r i n g  porosit ies and 
permeabilities. The larger value of porosit;y, referred t o  as  the p r imary  
porosity,  corresponds t o  the i n t r i n s i c  porosity of the rock mass. The 
smaller value corresponds t o  the fracturp:network and is referred t o  as the 
secondary porosi t y .  The permeability of the .fracture network (which corH 
responds t o  the secondary porosity flow .system), is much la rger  than the 
permeability of the blocks i n  the primary porosity flow system. Two dif-  
ferent representative elemental volumes I (REVS) character ize  the double 
porosity model. One REV pertains t o  the fracture network of the rock m a s s ,  
and the  other represents the rock matrix blocks. 

Transport of f l u i d s  wi th in  t h  ndary porosity systems 
are linked t o  one another by imposing appropriate boundary conditions a t  
the in te r face  between the two flow systems. A separate se t  of transport 
equations applies t o  each continuum. These equations are coupled by a term 
tha t  is proportional t o  the f l u x  of material between the blocks and the 
fracture system. The proportionality constant depends on the geometry of 
t he  f r ac tu re  network and the-mat r ix  of porous blocks. The equations 
describing flow i n  the fracture network and the matrix of porous blocks. 
The equations describing flow i n  the f r ac tu res  contain provision f o r  
heterogeneous reactions taking place at the surface of the blocks. These 
react ions a l t e r  the w i d t h  oft. the, fracture apertures either by dissolving 
the blocks and thereby opening the f r ac tu res ,  or by prec ip i ta t ion  of 
minerals on the f r a c t u r e  surfaces , -  which tends t o  close the apertures. 
Reactions of t h i s  kind are  responsible for,.the moving boundary problem a t  
the f l u i d  rock in te r face  i n  the.fracture network. Reactions between the- 
rock matrix and pore f l u i d s  contained w i t h i n  the blocks a re  taken i n t o  
account by the block transport equations, 

Future work w i l  numerical methods to.solve the double porosity 
continuum model. Ini t ia l ly ,  weak coupllng between the fracture network and 
matrix blocks w i l l  be assumed t o  reduce the numerical e f f o r t  required t o  

coppled equat ions. 

, 
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Scope of Work 

This project is conce rare gas mass spectro 
The broad objective is t o  read the natural record that isotopes of the rare 
gases comprise a s  t r ace  c o n s t i t u e n t s  of n a t u r a l  gases ,  r o c k s ,  and 
meteorites. I n  past  years, these interests have l e d  t o  the  s tudy  of such 
diverse problems as the dating of rocks, the early chronology and isotopic  
s t ruc tu re  of the solar  system as revealed by extinct radioactivities, and 
the elemental and isotopic composition of trapped primordial rare gases in  
meteorites. I n  recent years, the project-has focused+progressively more on 
te r res t r ia l  problems. 

A. Noble Gases From the Alberta Natural Gas Fields: 

We have determined the elemental and isotopic  composition of noble 
gases i n  samples from twentycone different methane wells located throughout 
the Alberta, Canada basin. There are two distinct components: the first 
component, Group A ,  is characterized by h i g h  'He/*He rat ios  (1.43.4 x 
lo-') , low and variable ' o A r / ' b A r  rat ios ((2000) , and low to t a l  helium and 
the second component, Group B, is characteFized by low 'He/"He rat ios  (<2 x 
lo-*), high and uniform 5 0 A r / ' 6 A r  rat ios (-10,000) , and high t o t a l  helrum, 
(20.18 by volume). Group B shows very l i t t l e  variation and has a well 
defined composition. The relative amounts of He and A r  i n  a i r ,  Group B, 
and typ ica l  Group A samples, are much that i t  is not possible t o  generate 
Group A compositions by mixing a i r  w i t h  Group B. An apparent lack of 
intermediate compositions between Group A and B, as readi ly  seen on a 
helium+argon isotope correlation plot, implies there i s  no d i r ec t  mixing ,  
a t  least  on a s ignif icant  scale, between t h e  two Groups. I n  other words, 
Groups A and B are two d i s t i n c t  and independent components which do not 
communicate. It seems reasonable t o  assume they have different origins or 
subsequent histories, e.g. differing source of reservoir rocks, migration 
pa ths ,  etc. 

Many of the samples contain significant excesses of nucleogenlc neon 
produced by (a ,n)  and (n,a) reactions wi th  nuclei of oxygen, magnesium, and 
fluorine. The large excess of 22Ne (0.084 < 21Ne/22Ne < 0.501, relative t o  
values expected for production i n  typical crustal or m&tle rocks, requires 
a significant contribution from a' f luor ine  r ich source region. Samples 
w i t h  h i g h l y  anomalous neon a re  a l l  members of Group B. S u r p r i s i n g l y ,  
nearby Canadian shield groundwaters.also contain h ighly  anomalous neon 
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(Bottomeley e t  al., 1984) of similar composition and low 'He/'He ratios (-1 

The s t r i k i n g  s i m i l a r i t y  between t h e  n a t u r a l  gas samples and 
s h i e l d  groundwaters may imply a similar. o r i g i n  (source) for these two noble 
gas r e se rvo i r s .  Perhaps, - the composition of the Group B - s u i t e  is dominated 
by a f l u x  of noble gases!fcom the basement which i s s t r a p p e d  and accumulates 
i n  the Group B methane re se rvo i r .  We are Inves t iga t ing  the . p o s s i b i l i t y  of 
a similar o r i g i n  for the  Group B methane. Although t h e  data are p r e l i m i i  

g evidence'  t o ,  ke such a methane 
source.  

.h igh  Group A 'He/'He ratios,  -10 times higher 
higher  t h a n  t heo re t i ca l  v a l u e s  f o r  "normaln 

r a d i o g e n i c  helium (cf .  Mamyrin and T o l s t i k h i n ,  1984). We have no t  been 
able t o  i d e n t i f y  any r ecen t  i n t r u s i v e  or e x t r u s i v e  v o l c a n i c  a c t i v i t y  of 
s u f f i c i e n t  magni tude t o  s u p p l y  t h e  estimated quan t i ty  of 'He associated 
w i t h s t h e  Group A r e s e r v o i r  Although we canno t  u n e q u i v o c a l l y , r u l e  o u t  a 
poss ib l e  magmatic *He so e,  we are inc l ined  in s t ead  t o  be l ieve  t h a t  the 
Croup A helium is a mixture of normal  r a d i o g e n i c  he l ium a n d : n u c l e o g e n i c  
he l ium produced locallly,frm (n,a)  r e a c t i o n s  with 'L i .  Groundwaters local 
t o  areas producing Group A methane are enriched i n  L i  (H i t chon  e t  a l . ,  
1971 and t h e  methane r e s e r v o i r s  are thought t o  be "tongues" of l imestone 
(coral  reefs)  i n t e r s p e r s e d  i n  sha l e s  and a n h y d r i t e s  which  a r e  o f t e n  
s t r o n g l y  enriched in L i  r e l a t i v e  t o  o ther ' sed imentary  or igneous rocks. 

J:' 
Correlated l i n e a r .  v a r i a t i o n s  between 'He,. n i t rogen ,  and total  hydrocar- 

bons i m p l y  two component mixing.  The first component conta ins  'He/N, i n  
cons tan t  proport ions (-0.06 i n  Group B and  -0.009 i n  ,Group A ) .  I n  bo th  
groups, the second component s cons i s t en t  with pure hydrmarbons.  

B. Fluid Samples from Miscellaneous Active Hydrothermal Systems: 

( 1 )  Vent waters along the southern l imb of the Juan de Fuca Ridge: We 
, found the r e l a t i v e  abundances of noble gases h e a v i e r  t h a n  he l ium 

t o  be l i k e  2 O C  a i r ' s a t u r a t e d  seawater (ASSW) i d e n t i c a l  t o  the  
ambient seawater composition. However, a b s o l u t e  abundances  were 
~ 8 0 %  of t h a t  expected for  2 O C  ASSW., The Juan de Fuca Ridge (JFR) 
f l u i d s  are chemically u n i q u e ,  i n  t h a t  t h e y  c o n t a i n  the h ighes t  
c h l o r i d e  and t o t a l  i o n i c  s t r e n g t h  !of any  oceanic .hydrotherma1 

ons prev ious ly  reported. The combination of h igh  ch lo r ide  
t a l  i o n i c  s tbengtQ coupled.with the noble  gas r e l a t i v e  and 
e ' abundances  .is ' c o n s i s t e n t  w i t h  mix ing  a en lor ide  r i c h  

l u i d  _with h b b i e n t  seawater. The h igh  chloride f l u i d  may be a 
rine repre8ent ing  -the high d e n s i t y  and  g a s p f r e e  phase  produced 

da r ing  p h a s e  sepa t -h t ion  either above or below the cr i t ical  point  
.:of seavfater; The chloride c o n t e n t  of the  b r i n e  is -3-6 times 

seawater. Sil ica .geobarometry i n d i c a t e s  minimum water-rock equi- 
l i b r a t i o n  temperatures of -340OC (Von Damm and Bischoff, 19861, so 
t h a t  m i x i n g  m u s t  o c c u r  a t  high tem and deep i n  t h e  

' V a l l e y :  We have a n a l y z e d  f i v e  samples  from the  Long V a l l e y  
caldera: three surface sp r ings  and o flowing geothermal wells. 

< 
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The surface s p r i n g s  are enriched i n  helium relative t o  the other 
noble gases, wi th  *He/'6Ar ratios ranging from 5.5 t o  24.0 times 
the atmospheric r a t i o .  The corresponding 'He/*He rat ios  range 
from 3.7 t o  5.2 times the a i r  ratio.  confirming the presence of a 
magmatic 'He component a t  Long Valley as  reported previously by H. 
Craig's Lab (Rison et al.,  1983). A direct comparison of 'He/*He 
r a t i o s  measured i n  the RARGA lab and the San Diego lab showed no 
significant difference a t  the one sigma level (25%). The neon and 
argon i so topic  compositions a re  atmospheric; Kr and Xe isotopes 
were not measured. The relative abundances of noble gases, other 
than He, a r e  similar t o  compositions we have encountered i n  other 
active continental hydrothermal systems. 

The geothermal wells are producing a moderate temperature (-1 70°C) 
aquifer a t  a depth of -2OOm and are  i n  the immediate v i c i n i t y  of 
Casa Diablo Geyser, one of the surface features discussed above. 
The primary difference between the well f l u i d s  and the surface 
s p r i n g  is a smaller proportion of an a i ra l ike  component i n  the 
well samples. Casa Diablo Geyser has a *He/ ' 6 A r  r a t i o  -24 times 
a i r ,  whereas both well samples have r a t i o s  -200 times the a i r  
value. Owing t o  the dearth of helium i n  a i r  (or  a i r  sa tura ted  
water), the reduced proportion of airklike gas in  the well samples 
does not affect the 'Hel4He rat ios  (3.7 3 5.2 times a i r )  elsewhere 
i n  t h e  c a l d e r a  r e f l e c t  d i lu t ion  of t h e  magmatic hel ium w i t h  
radiogenic helium (as i n  Yellowstone, Kennedy e t  al.,  19851, then 
the radiogenic d i lu t ion  probably occurs a t  depths below the 200m 
well depths. I n  one of the well samples there  appears t o  be a 
small 20 per m i l  excess (relative t o  a i r )  of *'AI-. If real ,  the 
excess translates to a r a t i o  of "He t o  excess " A r  of -5.6, cox@ 
parable t o  other hydrothermal systems. 

(3) Variations i n  noble gas abundance i n  a single hydrothermal spring: 
We analyzed gas and water samples from Horseshoe Spring, Norris 
Geyser Basin, Yellowstone as a function of depth i n  the spr ing  and 
found the relative abundances of the noble gases i n  both phases t o  
be strongly dependent on depth. Surpr i s ing ly ,  a t  the surface both 
phases have ident ica l  compositions. We feel the expanding gas 
bubble, while en route t o  the surface, must s t r i p  enough gas from 
the l i q u i d  t o  completely overwhelm and t h u s  mask the gas phase 
entering a t  the bottom. Although t h i s  seems reasonable, what is  
confusing is  the surface composiJion is not l i ke ' a i r  saturated 
water (ASW) a t  the  s p r i n g  temperature (-9OOC). Looking ca re fu l ly  
a t  data fo r  samples from other Norris spr ings  collected a t  the 
surface,  we discovered compositions iden t i ca l  to  the surface 
compositions a t  Horseshoe. 
chloride spr ings (pH O 2.0) imply ing  the unusual noble gas com- 
positions m i g h t  be related t o  a possible ttsalting-outtt effect. , I n  
the more controlled environment of the laboratory,  we measured 
noble  gas s o l u b i l i t i e s  i n  water from Horseshoe, a neut ra l  c 
chloride s p r i n g  also i n  Norris (Porcelain Terrace), and d i s t i l l e d  
water ( fo r  ca l ib ra t ion )  i n  e q u i l i b r i u m  wi th  a i r  ( 1  atm t o t a l  
pressure) a t  90°C. To our surprise the samples a l l  had composii 
t ions  s imilar  t o  the surface f l u i d s  a t  Horseshoe and not that 
expected for 90°C ASW based on other experimentally 

P l l  these spr ings  are acid (sulfate) 
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determined s o l u b i l i t i e s  i n  fresh water a t  moderate t o  high tem- 
' p e r a t u r e s  ( P o t t e r s a n d  Clyne ,  1978; C r o v e t t o  e t  a l . ,  1982; and 

Smith, 1985) . : We are aggress ive ly  pursuing t h i s  d i f f e r e n c e  . One 
p o s s i b i l i t y  is h i g h  t e m p e r a t u r e  l a b  e x p e r i m e n t s  are  t y p i c a l l y  
closed sys tems -- i.e. water and gas are  i so l a t ed ,  b rough t  t o  
temperature (and the  vapor pressure  of water a t  tha t  temperature) ,  
allowed-to e q u i l i b r a t e ,  and sampled, whereas, I n  t h i s  q u i c k  exd 
p e r i m e n t ,  and  i n  t h e  case of spr ings  I n  the n a t u r a l  envisonment, 
t he  system remains open and a t  the  ambient atmospheric pressure. 

C. Noble Gases i n  Uranium+ and Thorium-Rich Minerals: 

I n  an at tempt  t o  understand the o r i g i n  of neon isotope e x c e s s e s  (and  
p a r t i c u l a r l y  22Ne) found I n  U" and Thgrich minerals ,  12 samples wi th  vary.' 
ing  ages and U, Th contents  have been analyzed. For 6 of t h e  12 samples, 
a l i q u o t s  of He were analyzed i n  t he  RARGA m a s s  spectrometer for abso lu te  H e  
q u a n t i t i e s  and 'He/'He ratios. The other noble gases (Art K r ,  and Xe) were 
also measured t o  obtain a complete i n t e r  pr et  a t  ion  
of the neon r e s u l t s ,  

s i n  the  samples .02 t o  4.2% and 
From the measured He q u a n t i t i e s  i0,2%4 cc/gm) the 

we and t o  aid i 

0.2 t o  31% r e spec t ive ly .  
ca l cu la t ed  UFHe ages, assuming no He loss ,  are 10+1300 x 10' years. 

s i x  samples analyzed for 'He/'He ratio,  f i v e  samples gave ratios 
of less t h a n  10. The r e m a i n i n g  B a s n a e s i t e  s ample  which conta ins  0.02% 
uranium and 0.32% *thorium had a s u r p r i s i n g l y  high 'Ve/'He r a t i o  of 2.44 + 
0.38 x la-' (U*He age: The l i t h ium concentrat ion iz 
t h i s  sample is 60 2 8 ppm. However, the *Li(n,a)*H + 'He r e a c t i o n  does not 
seem able t o  a c c o u n t  for the "excessn 'He present  i n  t he  sample (Morrison 
and Pine, 1955). 

The ' O N  the  21Ne/22Ne 
ra t io  from 0.02 t o  10. Most of the  v a l u e  v e r y  d i f f e r e n t  from the  
a t m o s p h e r i c  r a t i o s  (9.8 and 0.029) and indicate large con t r ibu t ions  from 

her i l l  nuclear ' reac t ions  (Wetherili, 1954). For a l l  the samples the 
gnesium (0.01*?.6%) c o n t e n t s  have also been 

ples,are known, t he  
, a )  r e a c t i o n s  w i l l  be 

For most of the  samples large ''Ar excesses  h a v e ' a l s o  been measured. 
The * ' A r / a 6 A r  rat ios for  three samples was greater t h a n  1 (atmospheric 
v a l u e  0.19). An e x p l a n a t i o n  for  these ra t ios  seems t o  be t h e  nuclear  
production of * 'A th rough *'Cl(a, n)*'K .* * " A r + B -  and '"K(n,a)*'Cl + 

* 'Ar+ 6- (Wet her i 11 1954). Determination of the  ch lo r ine  concent ra t ions  of 
the samples is i n  progress.  

The f i s s i o n  components of k ryp ton  and xenon are evident  and w i l l  be 
used i n  the i n t e r p r e t a t i o n  of the l i g h t  noble gas r e s u l t s .  F i n a l l y ,  these 
r e s u l t s  w i l l  have some bearing on a suggest ion t h a t  neon and argon isotopes 
are produced by asymmetric f i s s i o n  of U b  and Thsdecaymchain n u c l i d e s  (Rose 
and Jones,  1984; Gerl ing and Shukolyukov, 1959). 

r .  
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The goal  of t he  research program is t o  understand mechanisms of metal 
and s u l f u r  t r a n s p o r t  and d e p o s i t i o n  i n  a c t i v e  geothermal  s y s t e m s ;  
Metamorphic and hydrothermal r eac t ions  among s i l icates ,  s u l f i d e s  and oxides  
i n  geothermal r e s e r v o i r  rocks a f f ec t  t h e  o x i d a t i o n  s t a t e ,  pH and metal 
c o n t e n t  of i n t e r a c t i n g  geothermal b r i n e s .  Systematic documentation of 
mineral compositions, phase r e l a t i o n s  and f l u i d  inc lus ion  properties allows 
d e t a i l e d  e v a l u a t i o n  of t he  s p a t i a l  and temporal v a r i a t i o n s  of b r i n e  
chemistry wi th in  the geothermal system. Knowledge of the i n  s i t u  s u l f u r  
spec ia t ion  and metal complexing.allows p red ic t ion  of the s c a l i n g  and corrw 
s ion  behavior of geothermal br ines  produced from d i f f e r e n t  depths  and parts 
of the geothermal system, 

S tudies  are underway of core and f l u i d  samples r e c e n t l y  r e c o v e r e d  by 
t h e  S a l t o n  Sea S c i e n t i f i c  D r i l l i n g  Project. Addit ional ly ,  cores and f l u i d  
samples have become a v a i l a b l e  t o  UCR from other new geothermal wells i n  the 
c e n t r a l  p a r t  of the  S a l t o n  Sea f i e l d .  P r e l i m i n a r y  r e s u l t s  from a l l  of 
these materials i n d i c a t e  that  mineral ized fracture o r i e n t a t i o n  is uniformly 
v e r  i 1 to subv r ical i m  l y i n  t h a t  s u b s t a n t i a l  ep i sod ic  v e r t i c a l  com” ~ 

r i n e s  i n  t h e  sys t em,  F l u i d  i n c l u s i o n  
data suggest  t h a t  bo i l i ng  may be a major ore minera l iz ing  process, y i e l d i n g  
oxidized ve ins  containing chalcopyrite, hematite, p y r i t e ,  calci te ,  ep idote  
and chlorite. A p a r t i c u l a r l y  e x c i t i n g  f i n d  is the occurrence of 
abundant bedded anhydr i te  i n  the del ta ic  r e s e r v o i r  rocks. Thi  
t h a t  much of the br ine  s u l f u r  may be der ived from stratiform e v a p o r i t i c  or 
volcanogenic s u l f a t e  sources. S u l f u r  1 so top ic  da ta  are c u r r e  
co l lec ted  t o  a i d  i n  modeling the  s u l f u r  cyc le  i n  the  Sa l ton  Sea 
system. 

nunfca%jon occurs  %ekween’var P %  ous 
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Grantee : UNIVERSITY OF CALI 
Scripps I n s t i t u t i o  

.. La Jolla, Cal i forn 

Grant: 

T i t l e :  Long Valley Calder 
. .Composition and He, Ar, and Carbon'Isotbpes.  

Person i n  Charge: 

Scope of Work 

i n  the Long Valley/Mono Lakes region of t 
t i g a t e  the poss ib le  r e l a t i o n s h i p  between.  
seismic a c t i v i t y  i n  the a r  
hydrothermal-f luids .  The focus of 
t h e y  have proven re  

We have cont - h o t  s p r i n g s  and fumaro le s  
Sierra ~ e v a d a  Range t o  inves" 
i a t i o n s s i n  t h e  the rma l  and 

within the t ec ton ica l ly '  Bctiv 
seismic act i V i t y  (October 197 
lzed t o  i t s . v a 1 u e  i 
l o c a l i t y  from 417 
ready s i g n i f i c a n t  . p  
R/R r a t i o  has  d r o p p e d ,  b o t h . h t '  
v i c h i t y ,  concomitant with an approximately 10"fold dec l ine  i n  the  l e v e l  of 
seismicity. The most recent, sampllng t r i p  (January, 1986) has, however, 
revealed a s i g n i f i c a n t  increase i n  t h e  R / R  v a l u e  a t  f o u r  or f i v e  s i t e s  
monitored on a longkterm s : in  s p i t e  of' the  continuing decrease i n  t he  
rate of seismicity. 

There are seve ra l  poss ib le  reasons why the helium isotope ra t io  should 
respond t I f  t h e  
h i g h e s t  'He/ H e  r t i o  observed (6 .5 R,) is i n d i c a t i v e  o f  t h e  magmatic 

He/ He ratiqs must be due t o  either admixture of a low 
He/ He water o r  l each ing  o f .  He from crustal rocks. In  either case,  new 

fractures re la ted t o  ear thquakes . ,would  f a c i l i t a t e  t h e  m i g r a t i o n  o f  
hydro the rma l  f l u i d .  T h i s  w o u l d , r e s u l t  . in  a gr,eater percentage'of the 
magmatic component r e l a t i v e  t o  t h e  c r u s t a l  one i n  the observed f l u i d  or i n  
a shorter res idence  time i n  the reservoir.for the hydrothermal f l u i d ,  

o (R), normal% 

1 

chqnges i n  seismic a c t i v i t y  and migration of' magma. 

' 3 4  then lower 
1 g o W P  
I 

1 
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t h e r e b y  r e d u c i n g  t h e  amou of  l e a c h i n g  of He. S imi l a r ly ,  movement of 
magma t o  shallower depths would increase t h e  c o n v e c t i v e  heat f l u x  i n  t h e  
region, thereby br inging more of the magmatic hydrothermal component t o  the 
surface. In t e re s t ing ly ,  the South Mono Lake hot spr ing ,  25 km t o  the nor th  
of Long Val ley ,  a l s o  seems t o  respond t o  t h e  changes i n  seismic a c t i v i t y ;  
t h u s ,  t h i s  hydro the rma l  sys t em is r e s p o n d i n g  t o  similar c h a n g e s  i n  
thestress reg ime and f r a c t u r e  p a t t e r n  as Long Val ley,  or, perhaps more 
specula t ive ly ,  the Long Valley and Mono magma chambers are connected. The 
s i g n i f i c a n c e  of t h e  r e c e n t  i n c r e a s e  i n  R/Ra values  in terms of t h e  above 
scenar io ,  is cu r ren t ly  being assessed but may well prove t o  s i g n a l  impor* 
t a n t  changes<in  the helium source a t  depth. 

The 3 4  He/ He ratios a l s o  have 8 bearing on present  hydrological models,  
genera l ly  assume recharge t o  the west of Long Yalley and lateral flow 

of f l u i d  through the  B sho Tuff a q u i f e r  i n  a n  easter ly  d i r e c t i o n .  The 
$o*n,qi,stently h i g h e r  'He/'He ratios on the e a s t e r n  s i d e  of the  caldera, a t  

Creek, Lit t le Hot Creek and Big Alkaline Lake,  i f  i n d i c a t i v e  of a more 
direct magmatic input t o  thisarea,  Imply t h a t  t h e - f l u i d  regime i n  the east 
is cont ro l led  p r i n c i p a l l y  by c i r c u l a t i o n  of f l u i d s  i n  clos c o  t a c t  w i t h  

measured a t  Casa Diab lo  f o r  example,  c o u l d  ref lect  a n  i n c r e a s e d  f l u i d  
component of shallow or ig in .  Such i n t e r p r e t a t i o n s  must however be able t o  
account f o r  apparent incons is tenc ies  between adjacent l o c a l i t i e s ,  such  as  
t h e  ' con t inued  d e c l i n e  i n  R/R, a t  Hot Creek  while nearby sp r ings  show the  
opposi te  trend. If such d i f f i c u l t i e s  can, be overcome t h e  he l ium i s o t o p e  
. x a r i a t i o n s  may offer  t h e  v e r y  rea l  p o s s i b i l i t y  o f  de l inea t ing  areas of 

the.therma1 r e s o u r c e ,  whereas t o  the  west of t h e  lower 9 s  He/ He ratios, 

geothermal p o t e n t i a l  within the,caldera. 
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Contractor:  UNIVERSITY OF CALIFORNIAqAT LOS ANGELES 
i Department,of Chemistry and Biochemistry 

Los Angeles Cal i f o r n i a  90024 

Contract : DECET03a81 ER10965 

Title: A d i a b a t s  a n d  G r u n e i s i e n  Parameter a t  H igh  
( 

Temperatures and High Pressure 

Person i n  Charge: R. Boehler, M. Nicol 

Scope of Work 

1 We are cont inuing work on the  thermal properties of the h igh ly  compresr 
s i b l e  a l k a l i  metals: L i th ium,  sodium, potassium, rubidium, and cesium. 
Melting po in t s  were determined t 35 kbar* w i t h  h i g h l y  improved a c c u r a c y  
u s i n g  i n  s i t u  p r e s s u r e  and t e m p e r a t u r e  measurements  and a hydrostat ic  
p re s su re  medium. Some s t r o n g  systematic d e v i a t i o n s  from p r e v i o u s  non- 
hydroF ta t i c  p i s t o n t c y l i n d e r , : w o r k  and  new theoret ical  pa l cu la t ions  were 
observed. We, therefore, b u i l t  an ex tk rna l ly  heated diamond,anvil  ce l l  for 
s tudying  melt ing a t  much, higher pressures. This cell  operates convenient ly  
t o  melt ing temperatures *of hich is the upper l i m i t  of r e l i a b l e  & - s i t u  pressure measurements by the ruby method. With t h i s  diamond cell ,  we 
have measured the melt ing t empera tu res  of Na and K t o  110 and  145 kbar ,  
r e spec t ive ly ,  and found a continuous rise i n  the  melt g temperature for  Na 
and the t r i p l e  p o i n t  of the phases b c c ~ f c c ~ b l i q u i d  n potass ium.  T h i s  
s t rong ly  sugges ts  a systematic r e l a t i o n s h i p  among the ase diagrams of the 
heavier  a lka l i  metals, potassium, rubidium, and cesium. For t h e  measurer  
ment of m e l t i n g  f a r  the  s;to&d e l e c t r o n i c  t r a n s i t i o n ,  we have 
designed an  i n t e r n a l 1  diamond cel l  i n  order t o  extend these s t u d i e s  
t o  higher temperature. . t r L  

The, encapsula t ing  t e  that  we have developed t o  conta in  l i q u i d  C s  
at  high hydrostatic pressures  i n  the p is tonecyl inder  apparatus  was used  t o  
measure adiabats  and phase diagrams of ammonia+water s u i t e s .  These cow 
pounds are considered t o  ,be major c o n s t i t u e n t s  t o  i c y  Jovian and S a t u r n i a n  
s a t e l l l t e s ,  We found  s i g n i f i c a n t  d i s c r e p a n c i e s  between the boundaries 
sensed by . thermal  probes i n  - the  p i s t o n r c y l i n d e r  a p p a r a t u s  and t h e  v i s u a l  
o b s e r v a t i o n s  i n  t h e  diamond a n v i l  cells ,  s i n c e  these techniques have d i fg  
f e r e n t  s e n s i t i v i t i e s  t o  me tas t ab i l i t y .  
2H e u t e c t i c  and, determined the ad iaba t i c -g rad ien t  of the e u t e c t i c  and soie 
otger compomds, inc luding  l i q u i d  water, Ice V I ,  and  ice  V 
p e r i m e n t a l -  i m p o r t a n t  c o n s t r a i n t s  on t 
d i s t r t  but ions  

< 

These s t u d f e s  located t h e  H 2 0 Y N H  k ~ ,  

ories of such p lane ts .  
t ,  
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Grantee : UNIVERSITY OF CALIFORNIA AT LOS ANGELES 
2 Department of Earth and Space Science 

Los Angeles, Ca l i fo rn ia  90024 i 
Grant : DE*FG03*84ERl3203 i 
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T i t l e :  

Person i n  Charge: 

De te rmina t ion  of  Thermodynamic  , F u n c t i o n s  of 
Minerals' a t  High Temperature 

0. L. Anderson 

Scope of Work 

- High temperature e l a s t i c i t y  and e x p a n s i v i t y  measurements  w i t h  s u f f i r  
c igen t q u a  1 i t  o c o m p u t e  t h e  thermodynamic i n f o r m a t i o n  r e q u i r e d  t o  
d e t e r m i n e  t he  rmodynamic f u n c t i o n s  of s o l i d s  are  measured i n  t h i s  

surements em mination of t h e  e l a s t i c  c o n s t a n t s  
from which the  adiabatic bulk modulus KSL= -V(a  P / a  VIs is determined- 

e-of.300°K t o  above the 'Debye t e m p e r a t u r e .  Most m i n e r a l s  of 
geophysical I n t e r e s t  have values  of ' 0  i n  'the range of 500°K t o  850°K (e.g., 
8 for forstert ie is 760°K).' 

By a p p l y i n g  the  special measur ing  t e c h n i q u e  ca l led  the Rectangular 
Parallelepipea Resonance method (RPR) , fundamenta l  r e s o n a n c e  f r e q u e n c i e s  
are measured up t o  and beyond the-Debye temperature i n t o  the  1200OK range. 

Many thermodynamic propert ies  can be c a l c u l a t e d  w i t h  t h e  data  from 
measurements.  The RPM method i s  workable  on ly  a t  one bar pressure, but  
there are high pressure thermodynamic properties predic ted  by t h e  r e s u l t s .  
Some of these p r e d i c t e d  thermodynamic properties can be found from high 
pressure experiments, and c o r r e l a t i o n s  between e x p e r i m e n t a l  methods are 
possible. 

I 

We'have j u s t  f i n i s h e d  t h e  R P R  measurements on N a C 1 ,  from which we 
d e t e r m i n e  the  e las t ic  i n s t a n t s  of N a C l  a t  temperatures up t o  two times the 
Debye temperature. O u r  r e s u l t s  on Ci agree wi th ' t he  C of 
a l .  (1972)  Using  t h e  thermal e x p a n s i v i t y  a l o n g  w i #  the 
determine the thermal pressure vs. T. We found tha t  our r e s u l t s i d n  thermal 
p r e s s u r e  agree v e r y  well w i t h  t h e  measurements  of Boehler and Kennedy 
(1982) on N a C 1 .  T h i s  means t h a t  t he  R P R  method can  be used  t o  e i ther  
s u p p l e m e n t  o r  complement t h e  P*VcT measurement of t h e  thermodynamic 
properties. O u r  measurements of the gruneisen  c o n s t a n t  VS. T a t  h igh  T,  
i n d i c a t e s  a slight departure from the r e s u l t s  found by Boehler, and we are 
i n v e s t  i ga t ing  t h i  s de part  ur e. 
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2 '  1 

We have f i n i s h e d  t h e  theo ry  by which t h e  e l a s t i c  c o n s t a n t s  +of a 
t r i g o n a l  c rys t a l  can be d e t e r m i n e d ' b y  means of the RPR method. We have 

resonance spectra up t o  the thir tyhninth.mode.  This is the first time t h a t  
t h i s  has been done for  crystals  of such low symmetry.  We found t h a t  i t  
r e q u i r e d  a computing program wi th  the  capacity t o  i n v e r t  a matrix of order 
210x210 i n  order t o  avoid d ispers ion  i n  the  upper. modes (20;40). The R P R  
data  t a k e n  o n  corundum a t  room t e m p e r a t u r e  were used  t o  c a l c u l a t e  the 

I been able t o  demonstrate complete agreement between observed and ca l cu la t ed  

elastic constants .  * *  

I 



Contract or : THE UNIVERSITY OF CHICAOO 
Chicago, I l l i n o i s  60637 

Contract : DEbAC021?80ERlO763 

T i t l e :  D e p t h  t o  and C o n c e n t r a t i o n s  of Water i n  Large 
Bodies of Si l ic ic  Magma 

r 

Person i n  Charge: A. T. Anderson and S. N. Williams 

Scope of Work 

S i l i c i c  magmatism p l a y s  an important role i n  the  compositional evoluk 
t i o n  of the  c r u s t  and i n  the development of c e r t a i n  o re  d e p o s i t s  a n d  
geothermal f ie lds .  We u s e  vacuum f u s i o n  and c a p a c i t a n c e  manometry t o  
estimate the  concent ra t ion  of H20 i n  i n c l u s i o n s  of glass  (quenched mel t )  
p r e s e r v e d  w i t h i n  p h e n o c r y s t s  of q u a r t z .  Together  with evidence of gas 
s a t u r a t i o n ,  the concent ra t ion  of H20 i n  t h e  melt leads  t o  a n  estimate of 
t h e  p r e s s u r e  of c r y s t a l l i z a t i o n  and t h u s  the depth a t  which the body of 
magma w a s  c r y s t a l l i z i n g .  

Our a n a l y s e s  of c l i n o z o i s i t e  and other hydrous s i l icates  wi th  s t r u c +  
tural hydroxyl water agree w i t h  other methods. However, our a n a l y s e s  of 
s i l i c i c  glasses y i e l d  low concent ra t ions  of H 0 compared t o  other methods. 
Tests t o  date sugges t  that  part of the d i s c r e d n c y  may be caused by partial 
loss of H 2 0  from s i l i c i c  glass a t  room temperature i n  a hard vacuum. We 
determined t h a t  i nc lus ions  of glass which a re  s e c t i o n e d  before a n a l y s i s  
lose about as much H 0 at  400OC as at 1250°C.,5Virtually no  H20 is detected 
a t  2OO0C, after pumdown t o  a pressure  of <10 mm Hg a t  room t e m p e r a t u r e  
f o r  abou t  48 h o u r s .  To e l i m i n a t e  t h e  p o s s i b i l i t y  of evaporation of H20 
from s i l i c i c  g l a s s  d u r i n g  pumpdown, we have a n a l y s e d  some u n s e c t i o n e d  
i n c l u s i o n s  o f \ g l a s s .  The H 2 0  is released a t  1 2 5 0 O C  when the crystal  r u p  
tures and the melt v e s i c u l a t e s .  No H 0 is detected a t  e i ther  20Q°C or 
4 0 0 O C  from u n s e c t  i o n e d  i n c l u s i o n s  . %hree i n c l u s i o n s  i n  three separate 
c r y s t a l s  released 2.0 f 0.8 w t .  p e r c e n t  H 2 0 .  The th ree  i n c l u s i o n s  were 
r e l a t i v e l y  small (about 100 microns long) ,  located near  the  cen te r s  of the 
crystals and par t ia l ly  faceted (negat ive crystals). A fourth inc lus ion  was 
large (almost 300 mic rons  l o n g ) ,  round and  located near  the r i m  of the 
crystal. Poss ib ly ,  t h e  small, faceted 
inc lus ions  were trapped a t  an e a r l y  stage of c r y s t a l l i z a t i o n  i n  a melt wi th  
comparatively l i t t l e  H 0 whereas t h e  l a r g e  i n c l u s i o n  was t r a p p e d  l a t e r  
a f t e r  t he  c o n c e n t r a t 3 o n  of H 0 i n  t h e  l i q u i d  had increased.  Preservat ion 
of a record of increas ing  H 0 61th c r y s t a l l i z a t i o n  wi th in  a s i n g l e  lump of 
pumice s u g g e s t s  that  the cgange occurred i n  less than about 100,000 years ;  
otherwise, d i f f u s i v e  exchange would r e s u l t  i n  uniformity.  

It yielded 4.4 f 1.0 percent  H20. 
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T i t l e :  E n e r  g e t  1 cs S i l i c a t e  Melts f r o m  T h e r m  
Diffusion Studies  

Person i n  Charge: D. Walker and C. E. Lesher 

Scope of Work 

A detailed c h a r a c t e P i z a t i o n  of s i l i ca t e  l i q u i d s  is r e q u i r e d  for  a 
n d e r s t a n d i n g  of t h e  e v o l u t i o n  o f ,  n a t u r a l  magmas within the 

earth's crust. A magma's. c r y s t a l l i z a t i o n  behavior and i n t e r a c t t o n  with its - 
s u r r o u n d i n g  d e t e r m i n e ,  among other t h i n g s ,  the p o t e n t i a l  f o r  geothermal 
energy e x t r a c t i o n  and )the format ion  of ore d e p o s i  ts. thermodynamic- 
e v o l u t i o n  of magmatic sys tems depends . n o t  o n l y  u p  thermochemical 
details  of the sol idif  i c a t i o n  p r o d u c t s ,  b u t  also.  o ermochemiqal 
p r o p e r t i e s  of t h e  i n i t i a l  magmatic l i qu ids .  These es are rather 
more poorly known for the l i q u i d s  than f o r  the solids. I t  is  t h e  pu tpose  
of t h i s  p r o j e c t  t o  a i d  1 har act  er 1 za t 1 on of t h e  t hermodyn am 1 c 
p rope r t i e s  of silica novel experimental approach  thermal 
d i f fus ion  s tud ie s .  

Thermal d i f f  usi non of chemical m i s a t i o n  i n  r e s p o n s e  
t o  a thermal gradient .  I n  8 substance with more than one compckent, chemii 
cal heterogenei ty  can develop i n  an i n i t i a l l y  homogeneous s u b s t a n c e  :.as a, 
r e s u l t  of a d i f f u s i o n a l  mass flow consequent ,on heat flow, ,The details  of 
t h i s  response are conditioned by t h e  thermochemica l  p r o p e r t i e s  and,  con? 
sti t u t i o n  o f  t he  s u b s t a n c e  . We have e x p e r i m e n t a l l y  demonst ra ted  that  
s i l i ca te  l i q u i d s  do undergo s u b s t a n t i a l  thermal d i f f u s i o n  d i f f e r e n t i a t i o n  
and that  observat ions of t h i s  d i f f e r e n t i a t i o n  provide the da$a necessary - t o  
eva lua te  t he  form and q u a n t i t a t i v e  Xvaltles of s i l i ca t e  l i q u i d  s o l u t i o n  
parameters . This i n f o r m a t i o n  supp lemen t s  calorimetric and phase equir 
llbrium data on s i l icate  l i q u i d s .  Silicate l i q u i d s  show mix ing  behavior. 
which r e q u i r e s  models as l ea s t  as complex as  an  
s o l u t i o n ,  Parameters q u a n t i t a t i v e l y  e x t r a c t e d  so f a  

por t ,  -and ene rg ie  
1 . .  
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Grant: DErFGQ2-84ER13221 

Title: Seismo+tectonics of the Eastern Aleutian Arc and 
Associated Volcanic Systems 

K. Jacob and 3. Taber Person in Charge: 

Scope of Work 

The' geophysical processes of subduction and archmagmatism are inves- 
tigated by seismological methods to obtain a fundamental understanding of 
convergence at a plate margin and to assess seismic risk to future energy 
projects in an active arc4trench back arc system. We interpret seismoteca 
tonic information for most o f  the Eastern Aleutians. In the Shumagin 
Islands we study'"a 300hkm long arc segment by operating a digital seismic 
network with 14 remote stations linked by telemetry. This segment is a 
seismic gap with a high probability for a great earthquake (M>8) in the 
next two decades. Research topics Include: the geometry of the descending 
Pacif'lc slab; -velocities in the upper mantle and crust of the over-riding 
North American plate; seismic source and strongamotion properties; inverh 
sion of travel'time residuals for velocity pertubations in the arc's 
magmatic root zone; seismic and eruptive activity of Pavlof Volcano; and 
the integrati'on of these results with geodetic deformation data to inves6 
tigate plate coupling. Applications concern the geothermal energy 
potential of the Aleutian arc; seismic, volcanic and tsunami hazards to 
offrshore oil* leaseisale areas directly adjacent to the Shumagin Seismic 
gap. Technical objectives are the sensing of wide dynamic range, seismic 
ground motions of small and large earthquakes for engineering applications. 
The seismontectonic results for the Shumagin network area are integrated 
with results from teleseismic and ,other geophysical observations from the 
Aleutian arc.outside the Shumagin seismic gap. 

Results 

. Between October 9 and November '14, 1985, a sequence of 5 moderateesized 
events With magnitudes Mbi6.4, 5.0,.5.2, 5.0, and 5-6 _occurred in the 
Shumagin Islands seismic network region of the Eastern Aleutian 'arc. In 
addition to this cluster of moderatersized events, the-microseismicity rate 
in the Shumagin region has increased by 35 to 80% for at least a 6imonths 
period beginning in April 1985. While we cannot be sure that these unusual 
seismicity patterns are part of a precursory activity to a large impending 
Shumagin earthquake, such a possibility must at least be considered. 
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Contract or : COLUMBIA UNIVERSITY 
LamontkDoherty Geological Observatory 
Palisades, New York 10964 

, 

Contract: DEeAC02-72ER04054 

Title: - S t u d y  of the Time'sdependent Transmissivity of 
Joints 

Person i n  Charge: C, H. Scholz 

Scope of Work 
I 
i 

This project involves laboratory studies of the permeability of j o i n t s  
i n  rock, taking into account both mechanical/hydraullc and chemical aspects 
of the problem. 

s t u d y  of t h e  'mecanlcal propert ies  of j o i n t s  has recent ly  been 
completed. A constitutive law t h a t  r e l a t e $  j o i n t  closure and e f f ec t ive  
normal s t r e s s  was formulated and confirmed by laboratory measurement. The 
law is an extension of the Greenwood and Williamson ( 1 9 6 6 )  contact theory 
f o r  two rough surfaces i n  contact. It shows that the closure property is 
as much a property of the topography ooffthhe f r ac tu re  surfaces  a s  of t h e  
e l a s t i c  contants of the substrate. A broad bandwidth s tudy  of the topog4 
raphy of natunal rock surfaces showed that a w variety of such surfaces  
have fractalrl lke topography. 

. ,  

Y 

Experiments of waterlrock in t e rac t  ions during flow of water through 
f r ac tu res  i n  qua r t z i t e  and marble have shown that a number of solution" 
dissolution processes can affect.perrneability i n  such situations, Current 
s tud ie s  of . t h i s  type involve flow experiments of water through fractured 
alabaster and fractured quartzite under hydrothermal conditions. 

3 
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Contractor: HARVARD UNIVERSITY 
Department of Geological Sciences 
Cambridge, Massachusetts 02138 

Contract: DE-AC02-83ER13096 I 

Title: Energetic and Thermochemical Properties of Rocks . 

Person in Charge: J, B. Thompson, Jr. and S. K. Dobos 

Scope of Work 

and Minerals 

Any thorough understanding of the earth's crustal processes-and energy 
budget must,take into account the energetics and thermochemica1.properties 
of rocks and their constituent minerals, notably their heat capacities and 
their enthalpies and entropies of transformations. Such thermodynamic 
data, and physico-chemical models derived from them, are of direct concern 
in such fields as the extraction of geothermal energy, nuclear waste dis- 
posal, terrestrial heat-flow studies, the geochemistry of ore deposits and 
igneous, metamorphic and sedimentary petrology. 

Much of the requisite thermochemical data to handle problems in the 
above fields is unknown or poorly characterized. We propose to augment the 
data base for the thermochemical properties of rocks and rock-forming 
minerals, as well as heterogeneous transformations in rocks involving the 
appearance or disappearance of mineral phases of a.given phase assemblage. 
Such studies comprise one of the most basic energyvelated branches of 
scientific' investigation in the geosciences, and are fundamental to our 
understanding earth processes and earth materials. 

. %  

I 

Our calorimetry lab is now complete and fully equipped with three 
thermanalytic instruments: (1) a power-compensated differential scanning 
calorimeter fot eht emperature range -170 to 725OC, (ii) a heat-flux dif- 
ferential scanning calorimeter for the range 25 to 17OO0C, and (iii) a 
thermogravimetric analyzer for the range 25OC to 12OO0C, capable of opera- 
tion with controlled atmospheres from a moderate vacuum to ambient 
pressure. The instruments may be run semi-automatically, and are inter- 
faced to computers for real-time monitoring, data collection and data 
reduction. I 

.. 1 
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Grantee: UNIVERSITY OF HAWAII AT MANOA 
Hawaii' Institute of Geophysics 
Honolulu, HI 96822 

Grant : DEeFG03-85ER13418 
I 

le : 1 Characterization of Magma Samples 

Person in Charge: M. H. Manghnani 

Scope of Work 

This program invoives two areas of laboratory i&vestigation: (1) 
characterization of physical, seismic (V , V , and Q' ) and electrical 
properties of core samples from Kilaeuz Ikf lava lake as a,qunction of 
temperature, and (2) electrical conductivity, and V , Vs, and Q of melts 
of these and related basalts as a function of presgure and temperature and 
volatile (e.g., H20, C02) content. 

\ 

The goals of the proposed research are threefold: ( 1 )  to understand 
how the hlgh'temperature behavior and thermodynamic propert les of basalts 
and relevant silicate melts pertaining to geothermal exploration and thew 
mal modeling in a volcanically active area are affected by a total 
environmental system; (2) to investigate interrelationships between the 
various physical and thermodynamic properties of such melts; and, (3) to 
develop Brillouin Scattering technique for measuring the elastic and 
anelastic properties of melts. 

Chemical and mineralogical analyses of Kilauea Iki and other samples 
are being conducted In cooperation with W. C. Luth at Sandia National 
Laboratories. 

The physical, acoustic and electrical properties of selected lava lake 
core samples, for which chemical composition and mineralogy have been 
determined by Sandia Laboratories (Dr. W. C. Luth) have been interpreted in 
terms of chemistry, glass content, and mineralogy of these core samples. 

We have focused OW efforts on the elastic, anelastic, and electrical 
properties of melts of 'basaltic and related composition using ultrasonic 
interferometry and recently wet up 4-electrode conductivity measurement 
experiments. We are ourrently testing our hlghktemperature furnace for 
Brillouin Scattering measurements. Based on the ultrasonic data to date, 
the temperature and frequency dependence of ultrasonic compressional 
velocity (V ) and attenuation (Q ) measurements for various melt composi* 
tions are ikerpretpf in terms oP viscosity, relaxation time, and structure 
of melt. The V Q frequency temperature data for melts of 10 basalts 
have been systegatfzed in terms of composi tional and structural variations. 
A linear relationship between velocity and densiFy (constant molecular 
weight M)., similar to Birch's law, has bee5,found. We have also found a 
good relationship between the measured Q and viscosity values for 
various types of basalt melts. 

, 

P 
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I 

i The t e m p e r a t u r e  dependence of t he  melt c o n d u c t i v i t y  of t h e  e i g h t  
samples from Kilaeua I k i  samples from d i f f e r e n t  dep ths  is almost t h e  same 
and follows t h e  Arrhenius equation. 

i 
I 

The proposed research, i n v o l v i n g  c l o s e  c o o p e r a t i o n  b e t w e e n  t h e  

I 

I 

i U n i v e r s i t y  of Hawaii and t h e  S a n d i a  N a t i o n a l  Laboratories, provides an 
impetus t o  bas i c  energy research needed for acqui r ing  a better knowledge of 
t h e  fundamenta l  i n  s i t u  high%emperature phys ica l  p rope r t i e s  of rocks and 
t h e i r  melts r e l eyan t  t o  geothermal explora t ion  and t o  planned +pro jec t s . such  
as t h e  U.S. Cont inental  S c i e n t i f i c  D r i l l i n g  Program. 

i 
I 
1 

! -- 
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Grantee : ' ;UNIVERSITY OF MARYLAND 
\ 

I Department of Chemistry and8Biochemistry 
College Pa rk ,  MD 20742 

I . (  : 

Grant: e .  E*FG05~85ER13410 1 * 

budy of the Salton>Sea-Geothermal System Using 
Be Isotope and Trace Element Chemistry 

1 Person i n  Charge: N. J. Valet te-Wlver  

Scope of Work 

The aim of the proposed work is t o  cha rac t e r i ze  the dominant prwesses  
a c t i n g  i n  t he  S a l t o n  Sea geothermal r e se rvo i r  using the i so tope  Be and 
trace elements. The use of a w e l l - p r q p  tool such as  t h e  t race e l e m e n t s  
and of a p romis ing  new t e c h n i q u e ,  Be, c o n s t i t u t e s  a unique and poten- 
t i a l l y  powerful combination never used before i n  a geothermal system. To 
m a s a n  adequate  use  of these ind ica to r s ,  we propose t o  s tudy  the behavior 
of Be and of the selected trace elements ( A s ,  Se, Sb, Hg, V . .  . ) i n  t h e  
h i g h l y  s a l i n e  environment of t h e  Sa l ton  Sea. From the a n a l y s i s  of waters, 
ore deposits, sediments and rocks, we w i l l  address the fol lowing problems. 

1. We e x p e c t  t h e  a q u i f e r s  i n  t h e  geothermal f i e l d  t o  have distfiBct 
chemical s i g n a t u r e s  as d e f i n e d  by t h e i r  t race  e l emen t  and B e  
concentrat ions.  By cha rac t e r i z ing  the a q u i f e r s  i n  t h i s  way w e  w i l l  
be  able  t o  i d e n t i f y  t h e  m i x i n g  processes  o c c u r r i n g  i n  t h e  
hydrothermal system. 

We seek t o  estimate t h e  ages of t h e  rocks and syf+ments o f  t h e  
r e s e r v o i r  as well as the var ious  a q u i f e r s  by using Be as a tracer 
and as a da t ing  tool. 

2. 

3. We want t o  d k t e r m i n e  t h e  o r i g i n  of t h e  ore d e p o s i t s :  
t i c u l a r ,  whether the  metals are of sedimentary or voleanic  or ig in .  

i n  p a r + '  

We prdpose t o  perform t h i s  work i n  two steps: the first one deals wi th  
the  water samples and has t o  be carried o u t  d u r i n g  t h e  first ha l f  of t h e  

. proposal t o  a v o i d  spoilage of the samples. The second one deals wi th  the  
solid'sdmples and V i 1 1  be carried out  during the second half of the  year. 

Current .Act i v l  t y  

Preliminary s tudy  of l i q u i d  samples  from t h e  S a l t o n  Sea geothermal 
f i e l d ,  obtained mostly from the  Well Fee 5 belonging t o  Republic Geothermal 
Inc., enabled u s  t o  develop and r e f i n e  a n a l y t i c a l  t e c h n i q u e s  t h a t  w i l l  be 
used  on t h e  S a l t o n  Sea s c i e n t i f i c  d r i l l i n g  proJec t  sampl%' On the  Feefi5 
samples, we tested mostly our chemical sepa ra t ion  for t h e  Be s t u d y ,  and 
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measured the isotope concent ra t ions  u s i n g  t h e  Tandem A c c e l e r a t o r  a t  t h e  
University of Pennsylvania. The concentrat ions reached the  very high value 
of 2 x 10 atoms/g. Analysis using I N A A ,  ICP, and AA, f o r  major and trace 
e l emen t s  determination were a l s o  performed i n  order t o  eva lua te  the effect 
of the very high s a l i n i t y  of the samples on the  chemical ana lys i s .  

The first SSSDP f l u i d  samples were made ava i l ab le  t o  us  i n  January 1986 
and their s tudy  is i n  progress. '  We are await ing the second series of f l u i d  
samples as well as the core samples. 



MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

Grant: 

Microcracks and Ener 

Person in Charge: Gene Simmons * 

Scope of Work 

The objective of this project is to develo fic basis for 
understanding microcracks in rocks., 

Open microcracks control such important ‘properties of rocks as 
hydraulic permeability, electrical conductivity, compressibility, thermal 
expansion, and the velocities of elastic waves. 
data on the history of a rock, including pressure, temperature, and fluid 
composition. The potential applications include (1) site characterization 
for waste repositories; (2) estimation of the change of permeability of 
rock -- In situ clue to changes of temperature associated with exploitation of 
a hot-dry’rocks geothermal reservoir; (3) prediction of the behavior of 
certain isotopes in radioactive waste emplaced in crystalline rocks; and 
(4) .improvements In the exploration techniques 
rocks. 

Healed microcracks provide 

nium in crystalline 

Microcracks and their mineral deposits are characterized with the 
petrographic microscope, scanning electron microscope equipped with an 
energy dispersive x-ray system, and various physical properties measured as 
a function of pressure. Open microcracks are characterized with the SEM 
and a high precision strain measuring technique (differential strain 
analysis, DSA). 

tains granite 
much as 2/3 of its original uranium, as shown in a series of papers by 
the‘ USGS Isotope Group, but the Sprman gr 
original uranium for more than 10 years. 

etained most of its 

In the Sherman granite; primary U is Contained in uraninite, thorite, 
allanite; sphene, apatite, and zircon. Secondary U occurs in 
microcracks and alteration products in coffinite, thorite, bastnesite 
group minerals, hematite, and calcite. 
was likely derived from primary igneous minerals of the granite itself 
-9 chiefly allanite, uraninite, and thorite. 
teration and redistribution of U was 330~4OO0C. 
transported in soluble uranyl carbonate complexes. 
of this granite in retaining U for 1.4 b.y. is attributed to the 
general absence of o 

The U,present in microcracks 

The temperature of alb 
The U was likely 

The effectiveness 

ractures and hot fluids . 
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In the Granite Mountains’granite, the remaining primary uranium is 
contained in monazite, sphene, zircon, ,apatite, and allanite. It also 
occurs in biotite and hornblende where it is homogeneously distributed 
in relatively low abundances (<2 ppm U).$ Secondary uranium occurs in 
alteration products and in microcracks as coffinite, bastnesite group 
minerals, epidote (a typical alteration-mineral in this granite), and 
an yttrium carbonate, probably tengerite. On the basis of the secon’ 
dary monazite in microcracks and the corrosion and alteration of 
primary monazite grains, we infer that the uranium was transported as 
oqe or more uranyl phosphate complexes. 

Our hypothesis to account for the major differences in loss of uranium 
between the Sherman and Granite Mountains granites is that (1) phos- 
phate was available for complexlng in the Granite Mountains granite but 
no suitable complexing agent was’ available in the Sherman granite and 
(2) fracturing was more pervasive in\ the Granite Mountains granite 
allowing access‘ by fluids to the primary uranium sites). 

I .  
I .  

’ I * -  

‘ I  e 
- .  B. Uranium in Clays . 

The ur’anium in clay-rich regions, a few millimeters in size, in several 
granites occurs in small (<2 microns) grains of noneclay minerals, 
rather than on, or in, the clay minerals‘themselves. The clays are 
smectite, nontroriite, andpermiculith. -‘€he.uraniferous minerals are 
bastnesite group minerals, hematite, siderite, secondary monazite, 
secondary thorite, and several different Y-bearing niobates. We s u p  
gest tentatively that the-presence of uranium.in clay may not be 
indicative of the long’term retention of radioisotopes. 

Migration of U in and Near a Lamprbphyric Dike 

‘The uranium Content of lamprophyric dikes in’the Conway and Mount 
Osceola granites of New’Hampshire is lower than the host granites by an 
order of magnitude. 

Examination of core samples of.one lamprophyric dike and its host rock, 
Conway granite, with an SEM, fission track radiography, and a delayed 
neutron technique shows the followlng: 

1. 

C. 

- -  
, ’  

. . . _ .  
The uranium content of the host rock-decreases logarithmically with 
distance from the’ dike. 

U in the‘ host adjacent to the dike’ is 2X the .content of the granite 
at 1arge.distance from the dike and 1OX the content of the dike. 

3. U, homogeneousl’y distributed‘in’the dike at-scales of 10 microns 

4. 

. .  
2. 

. .-* I 

and greater, occurs in zircon and apatite grains. . 

Th in the host adjacent to the dike is 2X the content of the 
granite at large distance from the dike and-20X the content of the 
dike. . .  

Th is homogeneously distributed in the dike at scales of 
centimeters. 

- _  

*. 

5. 
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Model temperatures calculated for tl slab with same th ickness  as the 
d i k e  and embedded i n  an i n f i n i t e  medium wi th  thermal properties cow 
parable t o  those of the d i k e  and host g r a n i t e  show that  the increase  of 
temperature of the host rock a t  the time of in t rus ion  was largely 
confined t o  a zone of a few meters width and lasted a few t e n s  of days, 
a t  most. 

The observed decrease of U and Th with d i s t ance  i n  t he  country rock 
cannot be a t t r i b u t e d  t o  high va lues  i n  t h e  d ike .  
for with the following models: 
e x i s t i n g  f a u l t  t ha t  was the  channel for U and Th bear ing hydrothermal 
f l u i d s .  
t o  the d i k e  and may have been der ived from the  g r a n i t e  itself or from 
hydrothermal f l u i d s  accompanying the in t rus ion .  

U and Th and i so topes  tha t  behave similarly shoul$6be immobile i n  a 
nuclear  waste repository for t imes of order,of 10 
the geochemical condi t ions  are similar t o  those a 

They may be accounted 

(B) The U and Th were con t ro l l ed  by the excess  temperature due 

( A )  The d i k e  intruded along a pre- 

years provided tha t  
e Redstone Quarry. 



Grantee: MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

Sciences 
Department of Earth, Atmospheric and Planetary 

Cambridge, Massachusetts 

Grant: DErFG02p86ER13636 

Title: InrSitu Permeability Determination Using 
Borehole and Seismic Logging Data 

Person in Charge: M. Nafi Toksoz, Roy H. Wilkens, and 
C. H. Arthur Cheng 

Scope of Work 

Borehole seismic measurements are contributing to the detection and 
characterization-of subsurface-open fractures and the determination of in+ 
situ permeability. Vertical Seismic Profiling (VSP), with a surface source 
and a receiver (hydrophone or clamped borehole geophone),array in the 
borehole, has been effective in detecting and imaging open fractu 
hydraulic conductivity of a fracture can be determined from the. ampl4tude 
of tube waves generated by the fluid flow from the fracture into the 
borehole. The inclination (dip) and extent of the fracture can be deter- 
mined from attenuation of seismic waves across the fracture and the waves 
scattered from the fracture. Theoretical models of flow and wave scatterd 
ing are being developed for horizontal as well as dipping fractures. 

Full waveform acoustic logs also detect fractures. An important.study 
is the determination of fracture width or hydraulic conductivity from the 
attenuation of the Stoneley pulse, which is the dominant pulse in the wave 
train. The theoretical formulations relating attenuation to hydraulic 
conductivity have been done, for horizontal fractures, with simplifying 
assumptions. Laboratory tests are underway now to confirm the validity of 
the assumptions. Similar studies on attenuationepermeability relationships 
are being carried out for boreholes in permeable rocks. The results show 
that Stoneley wave attenuation is sensitive to permeability. To determine 
the absolute value of permeability it is necessary to establish the at' 
tenuat ion in the borehole fluid, either from laboratory measurements or 
from joint analysis of all phases of the full waveform acoustic logs. 



- :  Grantee: MICHIGAN STATE UNIVERSI 
Department of Geologica 
Michigan State University 
East Lansing, Michigan 488244 1 1  5 

Grant : DE+FGO2+85ER13321 

Title: The Effects of Pressur Volatiles, and Thermal 
History on Chemical Heterogeneity'in Magma Systems 

Person in Charge: T. A. V 

Scope of Work 

Samples from the Inyo drilling program offer d. unique opportunity to 
evaluate magmatic processes, and eruption and emplacement dynamics. The 
Inyo Chain is a 9'km-long chain containing at least seven silicic domes and 
flows, explosion pit and a series of faults and cracks allroughly aligned 
N07ON. The most recent activity (550'years ago) consists of the three 
largest domes (Obsidian, South Glass Creek, and South Deadman domes). 
Detailed structural studies and drilling have shown that the Inyo Chain is'' 
a surface expression of a dike or a syste e initial activity 
at Obsidian Dome consisted of explosive uptions, near-vent 
pyroclastic"fal1 and ow deposits. After ve activity stopped 
the rhyolite flows w ovided continuous samples 
from: the flow at Obsidian Dome, the con an Dome, and the 
dike that connects Obsidian Dome and t Creek Dome. These 
continuous samples of the dike, conduit and dome provide a detailed record 
of magmatic processes, and the emplacement and- eruption dynamics of this 
svstem. - 

chemical and 
les'from the conduit and 

completed our detailed major and trace element 
study of the continuous drill 

are in the process of data analysi 
magmatic and emplacement processes. Microprobe 
var 1 of ferrmagnegia 

In summary, two roc 
lower silica group and a low'Ba, higher silica' grou 
characterized by compositional and mineralogical d 
group occurs at the base of Obsidian Dome, and at the margins of the 
conduit. The lowLBa group~occurs in the middle' and upper portions of 

Biotite, orthopyroxe in both of these groups. 
In addition, the high'Ba group contains abundant amphibole and ilmenite, 
whereas the low-Ba group contains abundant augite. The amount of 
disequilibrium phenocrysts among the 

fan Dome, the center dike. 

rromagnesian phenocrysts changes 
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within the two groups. The greatest number of d i s e q u i l i b r i u m  p h e n o c r y s t s  
o c c u r  i n t h e  high-Ba group and decreases i n  a r egu la r  fash ion  t o  the  low+Ba 
group. Disequilibrium phenocrysts are rare i n  the  lowCBa endtmember. 

There is a l i n e a r  t rend  i n  the chemical v a r i a t i o n  of these samples, and 
most of t h i s  v a r i a t i o n  occurs i n  t h e  c o n d u i t  marg ins  and a t  t h e  base of 
O b s i d i a n  Dome. M u l t i p l e  l i n e a r  r e g r e s s i o n  of major e l e m e n t s  from 
intermediate  samples wi th  the ectd'mernber samples are remarkably c o n s i s t e n t  
w i t h  magma m i x i n g ,  w i t h  a R p.999 and t h e  sum of t h e  s q u a r e s  of t h e  
r e s i d u a l s  less t h a n  0.25. A f u r t h e r  t e s t  of magma mixing  was made by 
s e l e c t i n g  two end-members i n  each group and c a l c u l a t i n g  the theoretical 
hyperbola that  would be generated by mixing these end-members u s i n g  t racer  
element ratios. The theoretical mixing curve fits t h e  a c t u a l  data from the 
conduit  margins. A further t e s t  of mixing  is t h a t  t h e  l i n e a r  e q u a t i o n s  
c a l c u l a t e d  from the  regress ion  ana lyses  on the major elements can be used 
t o  predict  the trace element concent ra t ions ;  these are  v e r y  c lose t o  t h e  
m e a s u r e d  v a l u e s .  A major c o n c l u s i o n  of t h i s  s t u d y  is t h a t  t h e  rock 
compositions a t  the margins of the condui t  are  due p r i m a r i l y  t o  p h y s i c a l  
mixing of two f i n e l y  p r o p h o r i t i c  magma t y p e s  * t h e . h i g h c B a  and lowaBa 

Based o n  t h e  l i n e a r  chemical v a r i a t i o n  and the  d i s t r i b u t i o n  of 
d i s e q u i l i b r i u m  p h e n o c r y s t s ,  t h e  lowest flow of Obs id i an  Dome ,and t h e  
marg ins  of the condui t  r ep resen t  mixed magmas. I n  the condui t ,  the  number 
of d isequi l ibr ium phenocrysts decreases i n  the r e g u l a r  manner from the  edge 
t o  t he  c e n t e r ,  a l t h o u g h  even the  cen te r  of the condui t  has a s i g n i f i c a n t  
percentage of d isequi l ibr ium phenocrysts. Disequi l ibr ium p h e n o c r y s t s  are 
v i r t u a l l y  absent  i n  the d ike .  

Endkmember samples of t h e  lowL'Ba group r e p r e s e n t  a p u r e ,  unmixed, 
h igher  s i l i c a  endrmember; i n  c o n t r a s t ,  a l l  samples of the high-Ba, lower 
s i l i ca  magma%ype r ep resen t  mixed magma. Based on theoretical work on d ike  
emplacement (Delany and Pollard, 1981), the d ike  would have t o  be emplaced 
earlier than the conduit .  The d i k e  is the earliest in t rus ion ,  and d i d  n o t  
i n t r u d e  t o  t h e  s u r f a c e .  It rep resen t s  emplacement of the lowsiBa, unmixed 
endrmember and presumably erupted from the t o p  of the l a y e r e d  magma body. 
The c o n d u i t  r e p r e s e n t s  a h i g h l y  mixed, high*Ba magma a t  t h e  margin, and 
only s l i g h t l y  mixed magma a t  the center .  The f irst  magma e r u p t e d  t o  t h e  
s u r f a c e  are i d e n t i c a l  t o  t h e  margins of the condui t  and are the  high+Ba, 
mixed magmas. The middle and upper par ts  of Obsidian Dome are i d e n t i c a l  t o  
the  cen te r  of the conduit .  

The chemical and mineralogical  data obtained from d r i l l i n g  the condui t ,  
d i k e  and dome a t  Obsidian Dome provide severe  c o n s t r a i n t s  on the manner i n  
which magma fills d i k e s  and l o c a l i z e s  e r u p t i o n  c e n t e r s .  I n  t h e  coming 
months we hope t o  q u a n t i t a t i v e l y  eva lua te  these cons t r a in t s .  

\ 



Grantee : ' MICHIGAN TECHNOLOGICAL' UNIVERSITY 
Department of Geology and Geological Engineering 
Houghton, Michigan 49931 

Grant: 

T i t l e :  

DEPFG0285ER13409 

Geothermal Al t e ra t ion  of Sediments  i n  t h e  S a l t o n  
Sea S c i e n t i f i c  D r i l l  Hole 

! 

! 

Person i n  Charge: S. D. McDowell 

Scope of Work 

The purpose o f ' t h i s  inves t iga t ion  is t o  c h a r a c t e r i z e  t h e  o v e r a l l  pa t -  
t e r n -  of a l t e r a t i o n  of s a n d s t o n e / s i l t s t o n e  of mudstone i n  the Sa l ton  Sea 
S c i e n t i f i c  Drill Hole, and t o  compare the a l t e r a t i o n  t o  t h a t  obse rved  i n  
s imilar  s e d i m e n t s  i n  1 1  d r i l l h o l e s  under inves t iga t ion  i n  t h e  geothermal 
f ie ld .  ' The inves t iga t ion  w i l l  u t i l i z e  a v a r i e t y  of t e c h n i q u e s  . i n c l u d i n g  

" t h i n  s e c t i o n  p e t r o g r a p h y ,  X v a y  d i f f r a b t i o n ,  XRF major and trace element 
chemistry of selected l i thologies ,  paleomagnet ic-polar i ty  measurements, and 
v a r i o u s  p e t r o p h y s i c a l  measurements  The o v e r a l l ' a i m  is t o  p u t  t h e  

ill Hole i n  contex t  ve t o - the  f ie ld 'as  a whole. 

The i n v e s t i g a t i o n  is i n  a minary s tage s i n c e  t h e  f i r s t  core 
samples were made 'avai lable  i n  Ma 986. The i n v e  i g a t i o n s  t h u s  f a r  
s u g g e s t  c l a y w a r b o n a t e  facies  t i o n  t o  - rough  800 m d e p t h ,  .and 
chloriteficalcite zone (greenschis t  facies) a l t e r a t i o n  t o  a t  l e a s t  2000 m 
dep th .  Shale porosit ies vary systematically with depth from -20% near  500 
rn through -5%-near 1400 m t o  (2% below 2500 m depth. The p o r o s i t y  v a r i a i  

9 t i o n s  i n  t h i s  well are gene ra l ly  s imi l ak  t o  those observed i n  shales from 
other geothermal 'wells, based on v e r y  l i m i t e d  core a v a i l a b i l i t y  i n  t h e  
o lde r  wells, and  imply  s i g n i f i c a n t  compactlon bf muds a t  depths <I500 m. 
Other aspects of the inves t iga t ion  are just g e t t i n g  under 

:: 
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Grantee : 

G r a n t :  

NATIONAL ACADEMY OF SCIENCES/ 
NATIONAL RESEARCH COUNCIL 
Washington, DC 20418 

DE-FGO1 e82 ERl2018 

I. S tud ie s  i n  Geophysics 1 T i t l e :  

i Person i n  Charge: T. M. Usselman 

Scope of Work 

The Geophysics  Research Forum (GRF) of t he  National Research Council, 
National Academy of S c i e n c e s  i n  c o n d u c t i n g  a s e r i e s  of S t u d i e s  i n  
G e o p h y s i c s  d e a l i n g  w i t h  t i m e l y  s c i e n t i f i c  and soc ie t a l  a s p e c t s  of 
geophysics and t h e  corresponding demand on geophysical knowledge. 

The s t u d i e s  i n c l u d e :  (1) problem-oriented s t u d i e s  such as demands on 
geophysical knowledge i n  connection wi th  climatic variations,  f r e s h  water 
resources, mineral resources, geothermal and o t h e r  energy sources, natural 
hazards,  and environmental maintenance; and ( 2 )  s c i e n c e - o r i e n t e d  s t u d i e s  
s u c h  a s  g e o p h y s i c a l  data and impact  of t e c h n o l o g y  on geophysics. Each 
s tudy  is conducted  by a p a n e l  selected f o r  t h e  s p e c i f i c  purpose .  The 
p r e l i m i n a r y  f i n d i n g s  of each s t u d y  are  presented t o  t h e  scientific comb 
munity for comment a t  a s u i t a b l e  symposium. Two or t h r e e  s t u d i e s  are  
expected t o  be completed each year.  

The s t u d i e s  are gu ided  by t h e  Geophysics  S t u d y  Committee (GSC). 
Members o f  t he  committee are Arthur E. Maxwell (Chairman), A l l a n  F. Agnew, 
Richard A. Anthes, D. James Baker., Gordon P. Eaton, Devrie S. In t r i l i ga to r ,  
J. Murray Mi tche l l ,  Richard J. O'Connell, Martin Walt, and F e r r i s  Webster; 
Thomas M. Usselman is t h e  s t a f f  officer. 

S tudies  Completed 

THE EARTH'S ELECTRICAL ENVIRONMENT 
E. P h i l i p  Krider and Raymond G. Roble, panel co-chairmen, 1986, 
263 PP. 

ACTIVE TECTONICS 

GROUNDWATER CONTAMINATION 

EXPLOSIVE VOLCANISM: INCEPTION, EVOLUTION, AND HAZARDS 

FUNDAMENTAL RESEARCH ON ESTUARIES 

Robert E. Wallace, panel chairman, 1986, 266 pp. 

John D. Bredehoeft, panel chairman, 1984, 179 pp. 

Francis R. Boyd, panel  chairman, 1984, 176 pp. 

L. Eugene Cronin and Charles B. Off icer ,  panel  co-chairmen, 1983, 

Wolfgang H. Berger and John C. Crowell, panel co-chairmen, 1982, 

John A. Eddy, panel chairman, 1982, 104 pp. 

79 PP. 

198 ppe 

CLIMATE I N  EARTH HISTORY 

SOLAR VARIABILITY, WEATHER, AND CLIMATE 



SCIENTIFIC BASIS OF WATER RESOURCE MANAGEMENT 

MINERAL RESOURCES: GENETIC CONSIDERATIONS FOR PRACTICAL APPLICATIONS 

CONTINENTAL TECTONICS 

Myron B. Fiering, panel chairman, A982, 127 pp. 

Paul 8. Barton, Jr., panel chairman, 1981, 119 pp. 

B. Clark Burchfiel, Jack E. 0 d Leon T. Silver, panel 
coachairmen, 1980, 197 pp. . 

IMPACT OF TECHNOLOGY ON GEOPHYSICS 
Homer E. Newell, panel chairman, 1979, 136 pp. 

GEOLOGICAL PERSPECTIVES ON CLIMATIC CHANGE 
Preston Cloud, ad hoc committee chairman, 1978, 46 pp. 

GEOPHYSICAL PREDICTIONS 

UPPER ATMOSPHERE AND MAGNETOSPHERE 

ames R. Wallis 
Y AND CLIMATE 

Denis L., Norton, panel co-chairmen). Symposium scheduled for Nov. 
-1986 Annual Meeting -of the .Geological Society of America (San 

Antonio). 

Scope of Work 

pattern for the Stu sics was designed to 
permit selection of the mast timely topics to meet the following 
objectives: 

_ j  

to set forth the current and prospective contributions tha 
geophysical sciences can.make tb such concerns of 
energy, nonrrenewable resources; and the en 

(2) to provide go als wi hn and scientific 
evaluations that can serve as a basis to assist in decision making 
in matters involvin 

. polgcies and programs 

the broad sense and with respect to the relative importance to 
society of the developments within various branches of geophysics. 



Grantee : 

Grant : 

Title: 

Person in Charge: 

Scope of Work 

NATIONAL ACADEMY OF SCIENCES 
NATIONAL RESEARCH COUNCIL 
Washington, DC 2041 8 

DE*FG0182ER12018 

11. Committee on Seismology 

J. H. Berg, Jr. 

The Committee on Seismology meets twice a year to discuss current 
topics of major importance relevant to seismology, to review with govern- 
ment agency personnel, in particular, the actions that have resulted from 
recommendations of the committee and its panels, and to take actions to 
assure a healthy science which is in a position to provide maximum benefits 
to the nation and to society. These activities are directed at fulfilling 
the fundamental mission of the committee, as follows: to maintain an 
active surveillance of major trends in seismology and of developments 
related to seismology in allied scientific and technical fields: to provide 
special studies for government agencies on appropriate subjects or 
problems; to maintain cognizance of and to provide advice on international 
seismological activities; to provide advice to government agencies concern& 
ing the operation of U. S. governmentnsupported seismograph networks and 
data-dissemination facilities; and to coordinate seismologically related 
activities within the National Research Council, particularly in the fields 
of earthquake engineering, rock mechanics, geodesy, geodynamics, and 
geology. Panels are established to conduct ad hoc studies on topics 
specified by the committee. 

Members of the Committee are: Paul W. POmerOy fchairman), LaWrenCe W. 
Braile, Robert S. Crosson, Shamita Das, Thomas H. Jordan, Kenneth L. 
Larner, Robin K. McGuire, George Plafker, Frank M. Richter, Robert V. 
Whitman, and Joseph W. Berg, Jr., staff director. 

Products 

The Committee polled the seismological community on manpower and re- 
A search capabilities and the results are being prepared for publication. 

report on seismic hazard analysis is being prepared. ' 

Current Activities 
r 

The Committee on Seismology has established the Panel on Seismic Hazard 
Analysis which will report on the statistical and deterministic approaches 
to the problem. The Committee is considering a study on the outlook for 
the complete field of seismology. 



. .  . .. 

' . .  Grantee : 
, 

. 1  

Person In'Charge: . . .  * r  _. 

Scope of Work 

The U. S. Ceodynamics Committee was established in 1969 to 
er and encourage studies .of. the d history of the- earth,. with 

appropriate attentl ations. The U S E  
work is based argely on the.7recommendations developed by its reporters 
(currently 25 and their associated groups. In 1976, "at the request of the 
Geophysics Research Board, the USGC. began ,planning U. S. research acr 
tivities in solid-earth studies in the. 198 . In the following years, the 
committee devoted a considerable effort this task; this led to the 
report, Ceodynamics in the 1.980Fs; published .in. 1980.. . This report em- 
phasizes the origin aqd e ental- an.$ oceanic crust, the 
continentpocean transi of mantle dynamics to crustal 
dynamics, and a geod systems and 
natural hazards. 

ver .(chairmaq), Robin Brett, 
Arthur R. Green, Wiilliam-C- Kelly, Marcia K. McNutt, J. Casey Moore, Neil 
D. Opdyke; Frank Richter,: Selwyn:Sacks, Mary- Lou oback; ex officio - 

Members of the eommi 

ve reporters has 
been subject to continual review and revision, A'major' revision in 1984 
included addition of 15 topics .corresponding. to .special. topics adopted by 
the International Lithosphere .P.rogr.sm. Other. topics are: drilling for 
scientific purposes; geodynamic data; continent-ocean geodynamic transects; 
electrical properties of, the asthenosphere; ,seismic networks;' sedimentary 

- E X %  and fts .reporters are out+ 

on& urged the application of. seismic reflection 
. profiling techniques to the structure' of the earth!s 'crust and upper 
mantle. Two years later a consortium. of f&r+ universities, (COCORP) began 
applying this nique. That group has completed profiles totalling more 
than 7000 km, is technique has bec 

nd upper mantle. 
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The USGC strongly.supported efforts to develop a continental skientific 
The work of the USGC reporter led to two workshops (1974 drilling program. 

and 1978): The report of the 1978 workshop, Continental ------- Scientific 
Drilling Program (1979, contained the principal conclusion that, with 
advance planning, a greater scientific return could be obtained through 
add-on experiments involving a relatively small increased expenditure to 
the existing large investment in drilling by government and industry. The 
1979 report recommended that a National Continental Scientific Drilling 
Program be organized to facilitate the necessary communication and 
coordination. As a result of the response by federal agencies to the 
report recommendations, a Continental Scientific Drilling Committee was 
created in January 1980 under the Geophysics Research Board. The USCC 
actively encourages the development of this drilling program, including 

a add-on investigations in mission-oriented holes and -the drilling of holes 
basic scientifi 

rter .for plate organlzed nineteen cross sections 
across ancient plate boundar all have been published. 

The USGC places  strong emphasis on the importance of the transition 
zone between continental' and oceanic lithosphere . The USGC recommended 
that a series of transects ,be,prepared to set forth existing geological, 
geochemical, and geophysical data along a series of 23 corridors around the 
North American coast -I- U. S., Canada, and Mexico + from the continental 

- craton acroaa the transition zone to oceanic lithosphere. The resultant 
maps and sections for 10 corridors have been published; 
expected in 1987. 

The objective of the USGC in this transect program is twofold: (1) an 
assessment of the state of understanding of the structure and history of 
the transitional regions of North America between typical cratonal and 
oceanic lithosphere; (2) identification of the major problems and corL 
responding recommendations regarding the most promising resedrch to solve 
these problems. The Reporter convehed a workshop of Transe 
in 1985 to develop conclusions and a recommendations f 
transects as a whole. This'is expected to lead to a report 

The USGC has addressed two main issues regarding geodynamic data: the 
needs of users and archiving problems. ,The two USGC reporters for 
geodynamic data are actively involved with the current study on geophysical 
data and'public policy and the task of modernizing the ------ Guide to 
International Data Exchange through the' World Data Centers. The USCC is 
addressing the question of digitizing the maps and sections of the North 
American Transect Program and related planning for the Global Transect 
Program. 

The USGC took initiative in the mid-sev 
the production of gravity and magnetic map the United States: the 
effort expanded to include North America. Preparation of these maps was 
strongly supported by the Society of Exploration Geophysicists and federal 

L *  I .  
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agencies. The gravity and magnetic maps for the United States were pub- 
lisheU in 1982 and were the subject of special SExG symposia on 
applications. Publication for North America is expected within 
the next year. 

The reporter for electrical properties of the asthenosphere has worked 
closely with the International committee for a program of the same title. 
Several meetings have been held with the objective of developing a specific 
cooperative program between the United States and Canada. 

In 1980, the USGC appointed a reporter and associated working group to 
ensure coordination among major<geodynamics-related programs, especially 
the Circumpacific Map Project, Consortium for Continental Reflection 
Profiling (COCORP), Continental Scientific Drilling Program, Continent- 
Ocean Transects, Early Crustal Evolution, Deep Sea and Continental Margins 
Drilling, Gravity Anomaly Map for North America, LASE, Magnetic Anomaly Map 
for North America, Tectonic Map of North America, and the USGC Geological 
Framework Program. An important result: agreement was reached that the 
major maps will be published on the same projection and at the same scale. 

* >  

International Llthosphere Program. The USGC serves as the U. S. coun- 
terpart to the International Lithosphere Program -,- an international 
program of geodynamics for the 1980's (successor to the Geodynamics 
Project, which formally ended in December' 1979). The subtitle of the new 
program is "Dynamics and Evolution of..the Lithosphere: m e  Framework for 
Earth Resources and the.Reduction of Hazards". International guidance is 
provided by the Inter'Union Commission on the Lithosphere. The emphasis 
has shifted toward the continents and the continentcocean transition for 
reasons of scientific and societal relevance, especially in the areas of 
resources and natural hazards. A major new initiative is the Global 
Transect Program, modelled on the North American Transect Program. 

The USGC has reporters corresponding to all activities of the 
Lithosphere Program. A reporter was added in 1985 to provide linkage to 
the proposed international program of sedimentary geology that has timely 
promise of providing important information regarding the behavior and 
development of sedimentary basins and the past behavior of the lithosphere. 

The USGC organized a workshop on problems 
of the lithosphere (Austin, Texas, March 1982) that focused primarily on 
areas of scientific controversy in connection with the lithosphere, with 
the expectation that this will provide guidance regarding the most produc- 
tive areas for research in the coming years. Proceedings were published in 
The Lithosphere: 

Future Work of the USGC 

Workshop on the Lithosphere. 

Report of a Workshop (1983). 
/ I 

( 1 )  Assess new directions for the committee and new priority topics to 
which the committee can react directly or ria a reporter. This 
assessment will take especially into account Geodynamics in the 
1980*s,  the discussion at the Workshop on the Lithosphere, the 
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Continental Scientific Drilling Program, the International 
Lithosphere Program, and recommendations of reports of,the Board 
of Earth Sciences (e.8.) Seismological Studies of the Continental 
----- Lithosphere; -e-- and report of the Committee on Global and 
International Geology). 

(2) Increase interact io ith the International Lithosphere Program. 
Encourage cooperative research .activities :that will benefit U. S. 
science and the international program,sfor-example, activities 
based on the deep seismic reflection program, continentrocean 

I transects, global transect program, international sedimentary 
geology program, and contin 

i 

-1 46- 



* r  I '  

Grantee : NATIONAL ACADEMY OF SCIENCES/ 
NATIONAL RESEARCH COUNCIL 
Washington, DC 20418 

Grant: DEI-FGOlL82ER1 201 8 

Title: IV. Continental Scientific Drilling Committee 

Person in Charge: W. E, Benson 

Scope of Work 

The Continental Scientific Drilling Committee (CSDC) was established 'in 
1980 to implement the recommendations in the report Continental Scientific 
Drilling Program (U. S. Geodynamics Committee, 1979). This report iden' 
tified as a major goal the development of a multiagency program to maximum 
the scientific value of current and planned drilling activities'of federal 
agencies and of industry through add-on experiments, and supplementing 
these efforts with "dedicated" holes drilled for scientific pwposes. 

Members of the CSDC are: William W. Hay (chairman). Charles R. Bacon, 
W. Gary Ernst, William L. Fisher, Kate H. Hadley, William Hinze, Marcus E. 
Milling, Robert N. Schock, Francis G. Stehli, and Hatten Yoder. William 
Benson serves as staff officer. 

Scientific objectives for continental scientific drilling have been 
formulated by the panels of the CSDC: Thermal Regimes; Rrilling, Logging, 
and Instrument Technology; Minera1"Resources; Basement Structures and Deep 
Continental Basins; Downhole Physical Property Measurements anb Fault Zone 
Drilling: and Sample Curation and Data Management. CSDC and hoc &disk 
groups to address specific research drilling targets and objectives 
include: Salton Sea geothermal field; Valles caldera; Yellowstone; Cmede, 
Tonopah, and Red Mountain mining areas; southern Appalachians; sample 
curation facilities; and coring requirements and technology. 

Accomplishments 

The objectives of the CSDC have been accomplished through committee 
meetings, sponaored symposia, and issuing reports and a newsletter which 
inform the scientific community about plans for the national research 
drilling program, opportunities for scientists to become involved, and 
priorities for scientific objectives and targets. The DEW NEWSLETTER 
(Drilling Early Warntng), designed by the Committee as its mechanism for 
c&municating with-acientists, is dlstributed to approximately 2700 U. S. 
and foreign researchers in universitles and other academic institutions, 
industry, government laboratories and geoscience administrators, and geos- 
cience societies. Fourteen newsletters have been distributed to date. 

Three langer reports are In review and will be published in 1986-89. 
These will represent the final work of the committee. 
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As forecasted last year, DOSECC (Deep Observation and Sampling of the 
Earth's Continental Crust) has become operational, and between it and DOE'S 
geothermal program, nearly all of the CSDC's original objectives have been 
fulfilled and its continuing functions taken over. CSDC is therefore 
phasing out and will be discontinued when its reports are published. 
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Grantee : NATIONAL ACADEMY OF SCIENCES/ 
NATIONAL RESEARCH COUNCIL 
Washington, DC 20418 

Grant: DEAFGO1 -82 

Title: V. Board on Earth Sciences 

Person in Charge: J. W. Berg, Jr. 

_ -  

The fundamental missio he Board on Earth Sciences of the 
Commission on Physical Sciences ematics, and Resources is to provide 
oversight of the solidhearth science activities within the National 
Research Council, to provide a review of research and public activities in 
the solidnearth sciences, to assess the health of the disciplines, and to 
identify research opportunities. This group is to take a leading role in 

'helping to establish scientific policy bearing on larger earth science 
programs in and on behalf of the United States. A major charge of the 
Board and its committees is to assess and recommend basic research and its 
applications to meet national and societal needs. 

Members of the Board are W. G. Ernst (chairman), Don L. Anderson, Paul 
A. Bailly, Robin Brett, Randolph W. Bromery, Lawrence M. Cathles, Larry 
Finger, Kate H. Hadley, Michel T. Halbouty, Philip Oxley, C. Barry Raleigh, 
Sean C. Solomon, Steven M. Stanley; and Joseph W. Berg, Jr., staff 
director. 

The committees of the Board are: Committee Advisory to the U. S. 
Geological Survey, Committee on Geodesy, Committee on Geological Mapping, 
Committee on Global and International Geology, Committee on Seismology, 
Committee on Guidelines for Paleontological Collecting, Continental 
Scientific Drilling Committee, Workshop on Physics and Chemistry of Earth 
Materials, U. S. Geodynamics Committee, USNC/Geochemistry, USNC/Geology, 
USNC/International Geographical Union, USNWInternational Union of Geodesy 
and Geophysics, and USNC/International Union for Quaternary Research. 

Current Program 

The Board maintains an awareness of the national, societal, scientific, 
and technological demands that solid-earth sciences will be expected to 
meet in the future and takes actions which help meet the demands. Such 
actions are taken using existing National Research Council activities where 
possible. 

The Board held four briefings for members of Congress and their staffs 
during the past year on the topics of new initiatives in the earth 
sciences; geologic hazards; volcanoes: and prediction of an earthquake at 
Parkfield, California. The last topic was presented to the Director of the 
Office of Science and Technology Policy as an additional briefing. A 
meeting of presidents and executive directors of major earth science 
professional societies was held in February 1986 to help obtain the coor- 
dination, communication, and cooperat in the earth sciences. 



b C  I 
b s  

A workshop on the Physics and Chemistry of Earth Materials was held in 
April 1986 and a report on the needs of the field is being prepared. 

A national symposium on geographical information systems is being 
planned for 1987 in cooperation with the U. S. Geological Survey and the 
Association of American State Geologists. 

Products 

ReDOrtS of committees of the Board on Earth Sciences during the past 
year are: ( 1 )  Mapping and Charting: A Perspective for the Office of 
Charting and Geodetic Services, Committee on Cartography; (2) Geodesy: A 
Look for, the Future (COG); (3) A Proposed Initiative for Capitalizing on 
the,Parkfield, California, Earthmake Prediction (BES): and (4) Summary of 
Summit Meeting of Professional Society Presidents and/or Executive 
Directors, February 7, 1986 (BES). 
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Grantee : NATIONAL ACADEMY OF SCIENCES/ 
NATIONAL RESEARCH COUNCIL . 
Washington, DC 2041 

Grant: DEhFGOl ~82ER12018 

Title: VI. Geophysics Film Committee 

Person 'in Charge: Barbara Valentino 

Scope of Work 

The Geophysics Film Committee was established in the National Academy 
of Sciences to provide scientific guidance for, and to ensure -the scfend 
tific integrity of, the film series entitled. "Planet E thw that was 
produced by PBS station WQEDIPittsburgh in association wit the National 
Academy of Sciences. The series aired on public television beginning on 
.bmusry 22, 19Flf;. 

The series includes seven one+hour films as well as a study guide 
entitled "Planet Earth and the New Geosciences" to be used as parts of a 
university telecourse. 

The Film Committee's responsibilities included the following tasks: 

(1) Selection of specific topics and titles-for the films in the 
series. The areas for the seven films are: comparative planetolL 
ogy, solid earth, resources, oceanography, climatology, solarb 
terrestrial relations, and a concluding segment on fate of the 
earth. 

Appointment of a panel for each film. Each panel required mee- 
tings of the entire panel and of selected subgroups to accomplish 
its tasks. Each panel (a chairman and approximately five members) 
has : 

* worked closely with WQED to explore subtopics for its film and 
to identify scientists who are at the frontiers in their respec- 
tive field of study and whose experiments are expected to have a 
maJor impact in science. 

(2) 

- assisted in the preparation of the film script. 
+ participated as requested in arrangements for the actual 
filming. 

* \reviewed the film and its script as production progressed. 
.l 

k reviewed the corresponding section in the study guide. 

(3) At appropriate stages of production, the Committee met to screen 
and review the seven films for scientific content and accuracy, as 
well as to confirm that the overall theme of the series had been 
addressed. 
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Members of the Geophysics Film Committee are: Roger R. Revelle 
(chairman), G. Arthur Barber, Charles L. Drake, Herbert Friedman, Laurence 
M. Gould, Thomas F. Malone, Stanley Ruttenberg, John P. Schaefer, Alan H. 
Shapley, Eugene M. Shoemaker, Walter S. Sullivan, Verner E. Suomi, James A. 
Van Allen, J. Tuzo Wilson, and James H. Zumberge; Barbara Valentino, staff. 
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Grantee : UNIVERSITY OF NEVADA RENO 
Seismological Laboratory 
Reno, Nevada 89557 

Grant: DE-FG08-86ER13628 

Title: ShallowhCrustal Magma Zones In 
and South of Long Valley Caldera . 

Person in Charge: W. A. Peppin 

Scope of Work 

The occurrence of an abundance of earthquakes in and south of Long 
Valley caldera since 1978, together with the implementation of a dense 
network of seismic stations funded by the USGS and DOE, have led to a 
library of hundreds of thousands of seismic traces. In the course of our 
work, we have discovered quite a few novel features on seismic records that 
appear directly or Indirectly related to shallow&crustal anomalous zones in 
and south of the caldera. This work compliments other programs funded by 
DOE and the USGS, wherein intense efforts have been made to study the 
subsurface structure under the caldera. Like those studies, we find 
evidence that magma may be occurring at shallow depths in the area south of 
the caldera, particularly associated with the Hilton Creek fault. The 
evidence consists of hundreds of anomalous seismic phases, whose existence 
defies explanation of terms of commonlycobserved phenomenology such as 
phase conversions or source radiation patterns. 

Reported observations support the hypothesis that a shallow crustal 
anomaly of significance occurs near the south end of Hilton Creek fault. 
Observations of a strong phase between P and S, as recorded on a 3- 
component wideband digital seismograph, are consistent with a lateral 
reflection from a shallow (1 to 1.5 km deep) reflector near this location. 
This same area is persistently aseismic, in spite of the occurrence of 
thousands of earthquakes in the near vicinity. This together with the 
evidence on S-wave shadowing provides three independent lines of evidence 
for the existence of this anomaly. 

The work proposed for this grant is to extend our analysis of the 
Hilton Creek crustal anomaly, using observations of pre-S phases at 15 
other stations. These pre-S observations seem to center over the south end 
of Hilton Creek fault. In addition to a more careful search of our large 
data base for such phases, we intend to acquire more fundamental informa- 
tion on the nature of tkie pre-S phases. To do this, we will place a small’ 
dimension array over the site where the pre-S phases are recorded, 
permitting a direct measurement of the azimuth of approach and apparent 
velocity of the phase. This information tightly constrains the range of 
possible reflection points for the pre-S phase, and allows quantitative 
consideration of other possible explanations (for example, S to P converr 
sions on an as-yet unknown interface). 
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He have observed a precS phase at the station SLK, northwest of the 
caldera, which has about the right time delay to be an S to P to S conVera 
sion in the proposed magma zones within the Long Valley caldera. We intend 
to place a small-aperture array near this station to determine azimuth of 
approach and apparent velocity also. 

A final part of this work is the placement of wideband digital inL. 
strumentation, on a permanent basis, on a.hard-rock site south of the 
caldera. He intend to digitize the signals from 3 components at the site 
and transmit to Reno for recording on 112 inch magnetic tape. The data 
will be used to provide fundamental information about the sources of the 
Mammoth Lakes events, including seismic moment and the characterigtic 
frequency of the events. 

~ 
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Grantee: THE RESEARCH FOUNDATION OF THE CITY 
UNIVERSITY OF NEW YORK 
Department of Geology 
Brooklyn, New York 11210 

DErFG02-85ERI 332 

Deep-Burial Diagenesis in Carbonatest- 

- I, 

Person in Charge: G. M. Friedman 

Scope of Work 

The purpose of this study Is to obtain an understanding of the 
processes relating to the ups and downs of porosity in carbonate rocks 
under conditions of pro'gressively greater depth of burial. These processes 
involve both loss of porosity with depth through cementation and compaction 
as well as generation of porosity through deep-burial dolomitization, 
subsurface dissolution, and fracturing. Since porosity is the key to 
hydrocarbon accumulation, studies involving subsurface pore systems are 
critical in evaluating deep-burial reservoir potential. A related focus in 
this study is to gain an understanding of criteria that reflect deep"buria1 
diagenesis in carbonate rocks and to apply these criteria to carbonate 
rocks now at shallow depth that were formerly deeply buried. 

During the past year the deep basin selected for study was the Permian 
Basin of western Texas and southeastern New Mexico. Core samples of inter3 
preted shallow subtidal and peritidal carbonates in the Ellenburger Group 
(Lower Ordovician) were examined to investigate the effects of deep burial 
on diagenesis. Present burial depth of core samples ranges from 5,000 ft 
(1.5 km) to 23,000 ft (7.0 km). 

Carbonates below 10,000 ft (3.0 km) are exclusively dolostone showing 
evidence of deep-burial dolomitization such as the presence of coarse- 
crystalling dolomite, xenotopic texture, homogeneous cathodoluminescence, 
high fluid-inclusion homogenization temperatures, and light oxygen isotope 
compositions. 

Although neomorphism of older finewrystalling dolomite occurs locally, 
the preservation of depositional textures in coarsewrystalline, xenotopic 
dolomite indicates a nonobliterative replacement origin in deep'burial 
environments. Millimeter-size crystals of euhedral saddle dolomite are 
commonly observed as vug- and fracture-filling. 

Dolomites are nonferrous and Mg+2 ions were probably derived from 
basinal brines via high porosities and fractures. Hig2er temperatures and 
longer reaction times coupled with the addition of Mg ions from circulat- 
ing waters are apparently responsible for deepLburial dolomitization. 

Samples of saddle dolomite from outcrops in the northwestern 
Appalachian Basin of New York (Middle Silurian Lockport Formation) and 
Ozark Dome of Arkansas (Lower Ordovician Powell and Everton Formations) 
reveal that fracture" and vug~filling late cem@ts contain relatively light 
oxygen isotopic compositions (-7 to -11% PDB 6 0) which suggest diagenetic 
changes occurred under deep-burial conditions, even though these rocks are 
now exposed on the surface. 
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F r e e z i n g  t e m p e r a t u r e s  of the twobphase ( l i q u i d  + vapor) aqueous f l u i d  
inc lus ions  i n  la te  d iagene t i c  minerals  both i n  surfaceHexposed and deep lyg  
b u r i e d  c a r b o n a t e s  i n d i + 5 a t e  v e r y  s a l i n e  p r e c i p i t a t i n g  f l u i d s  w i t h  a 
considerable  amount of Ca i n  a d d i t i o n  t o  NaC1 i n  t h a  s o l u t i o n .  High 
homogeniza t ion  t e m p e r a t u r e s  ( u n c o r r e c t e d  f o r  p r e s s u r e )  i n  the range of 
about 100 t o  260 C, are l inked  t o  formation under deep&burial condi t ions.  

Under normal  geothermal g r a d i e n t s  of 25OC/km, measured i n  the s tudy 
areas, t he  homogeniza t ion  t e m p e r a t u r e s  of f l u i d P i n c l u s i o n s  i n  l a t e @  
d i a g e n e t i c  cements  i n  t he  r a n g e  of 150 + 50° r e q u i r e  maximum depths of 
b u r i a l  of abou t  5,000 m fo r  t h e  LockporE s t r a t a  i n  t h e  n o r t h w e s t e r n  
Appalachian  Basin. A temperature range of 135 + 2 5 O  for the Powell s trata 
i n  the Ozark Dome r e q u i r e s  bu r i a l  d e p t h s  of a maximum of a 
These i n t e r p r e t a t i o n s  l e a d  t o  f r i g h t e n i n g  q u e s t i o n s :  what was t h e  
paleogeography before  removal  of these s t r a t a  and what hap  

'great th icknesses  os s t r a t a  t h a t  have now vanished. 

Our i nves t iga t ions  on saddle dolomite from surface-exposed c a r b o n a t e s  
showed a non-ideal, non-stoichiometric dolomite wi th  an average composition 
of (Ca , Mg Mn )(CO ) The present  data sugges t  t h a t  the 
c r y s t a  cu r%~$$06~1  iate<ss'aOddle %o?l*omite r e s u l t e d  from enrichment of 
calcium with respect t o  magnesium i n  the c r y s t a l  lat t ice of dolomite. X R D  
s t u d i e s  on powdered late-saddle dolomite samples showed dl o1 4- re f lec t ion  at 
2.88 A,  which is cons i s t en t  with ideal dolomite of Ca /Mg 50 Therefore, a 
new c a l i b r a t i o n  curve for the r e l a t i o n s h i p  between C%O *content and posi- 3 t i o n  of d1014-peak i n  the  late-saddle dolomite is needed. 
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Contractor:  STATE UNIVERSITY OF NEW YORK 
Albany, New York 12222 

Contract : DE-AC02C82ER13013 

Title: 

Person i n  Charge: T. M. Harrison 

Thermal Evolution of Sedimentary Basins 

Scope of Work 

Our research o b j e c t i v e  is t o  assess t h e  u s e f u l n e s s  of ' o A r / f s A r  age 
spec t rum a n a l y s e s  of de t r i ta l  microcl ine i n  providing thermochronological 
information necessary for recons t ruc t ing  t h e  thermal evolut ion of sedimen- 
t a r y  b a s i n s .  Detr i ta l  microcl ines  preserve a record of thermal events  i n  
the  temperature range -1OOOC t o  2OO0C, depending on l e n g t h  of h e a t i n g  and 
s e v e r a l  mineralogical  var iab les .  

Having demonstrated t h e  v i a b i l i t y  of t h i s  approach on deep  d r i l l  core 
samples from a v a r i e t y  of a c t i v e  basins  (San Joaquin Valley,  Ca l i fo rn ia ;  
Albuquerque Basin, New Mexico; North Sea Graben), our focus i n  1985 was on 
two i s s u e s :  the  a p p l i c a t i o n  of microcl ine thermochronology (MTC) t o  old 

s i n s  which may no  l o n g e r  be a t  peak  t e m p e r a t u r e  c o n d i t i o n s  and t h e  
development  of m i c r o a n a l y s i s  t e c h n i q u e s  t o  allow measurements of s i n g l e  
crystals . 

The most u s e f u l  a p p l i c a t i o n  o f  MTC is t o  older bas1 i c h  have ex- 
perienced retrograde temperature histories.  Both economic a s s e s s m e n t  and 
geodynamic a n a l y s i s  of baslns are complicated i n  cases where peak  tempera- 
tures and hea t ing  du ra t ions  are now known. We are i n v e s t i g a t i n g  d r i l l  core  
samples from the  Anadarko Basin, Oklahoma, i n  t h i s  role as it  is suggested 
tha t  peak temperatures were reached during the Tertiary. We sampled wells 
c o n t a i n i n g  t h e  l t g r a n i t e  washgt l i t h o l o g y  (coarse m i c r o c l i n e  b e a r i n g  
granitoid c l a s t s )  and p r e l i m i n a r y  a n a l y s e s  r e v e a l  these samples t o  be 
e x c e l l e n t  m o n i t o r s  of b a s i n  thermal h i s t o r y  a s  s u f f i c i e n t  m a t e r i a l  for 
isotopic  measurement was obtained from s i n g l e  clasts avoiding complications 
of mixed provenances. 

To avoid t h i s  genera l  problem of analyzing aggregates  of '  he t e rogeneous  
p r o v e n a n c e  a n d  k i n e t i c  p r o p e r t i e s ,  we are  d e v e l o p i n g  t e c h n i q u e s  for  
a n a l y s i s  of s i n g l e  crystals of K"fe1dspar w h i l e  m a i n t a i n i n g  t e m p e r a t u r e  
c o n t r o l  needed for k i n e t i c  a n a l y s i s .  By m a t i n g  a m i n i a t u r i z e d  double 
vacuum furnace /ex t rac t ion  l i n e  wi th  a VG 1200s  mass spectrometer, a sen -  
s i t i v i t y  and  background have been a c h i e v e d  t h a t  allow a Cretaceous K- 
fe ldspar  c rys t a l  of 1 mm on edge t o  y i e l d  20 gas f r a c t i o n s  w i t h  < 1 %  
p r e c i s i o n  i n  i so tope  ra t io  measurement. Further development should allow 
us t o  r e a l i z e  l y s i s  of still smaller crystals. 
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Grantee: 

Grant: 

STATE UNIVERSITY OF NEW YORK 
Department of Ear th  and Space Sciences 
Stony Brook, New York 11794 

DE+FGO2~85ER13416 

T i t l e :  

Person i n  Charge: G. N. Hanson and W. J. Meyers 

Geochemistry and Origin of Regional Dolomites 

Scope of Work 

The g o a l s  of t h i s  project are t o  deve lop  geochemical approaches for 
t e s t i n g  models descr ib ing  the  geochemistry and dynamics of f l u i d  s y s t e m s  
r e s p o n s i b l e  for the  development  of r e g i o n a l  dolomites, which are major 
r e s e r v o i r s  for petroleum. The M i s s i s s i p p i a n  Burlington’Keokuk Fms. of 
Iowa, I l l i n o i s ,  and M i s s o u r i ,  i n  which we have a detai led calcite cement 
and dolomite z o n a l  s t r a t i g r a p h y ,  have been used  fo r  d e v e l o p i n g  these  
approaches .  C ,  O,Sr, Pb and Nd i so topes  and a range of trace elements are 
being used t o  cha rac t e r i ze  the var ious generat ions of dolomite and calcite. 
Q u a n t i t a t i v e  approaches  are b e i n g  deve loped  t o  pred ic t  how the isotope 
values  and trace element abundances of the carbonates  w i l l  v a r y  depend ing  
on t h e  e x t e n t  and mechanism of f luid-rock i n t e r a c t i o n  and the composition 
of the f l u i d .  Approaches that w i l l  a l low one t o  d e t e r m i n e  how and when 
d o l o m i t e s  and t h e i r  po ros i ty  formed w i l l  he lp  i n  eva lua t ing  the p o t e n t i a l  
of a given carbonate  sequence as a petroleum rese rvo i r .  

P e t r o g r a p h i c  s t u d i e s  of the  BurlingtonkKeokuk Fms. have def ined the 
e s s e n t i a l  framework f o r  o u r  g e o c h e m i s t r y .  S p e c i f i c a l l y ,  t h e  
cathodoluminescent  petrography has defined 7 calcite cement zones t ha t  can 
be mapped throughout t h e  a p p r o x i m a t e l y  80,000 s q u a r e  kilometers of o u r  
s t u d y  area. The oldest  f o u r  zones have been dated as pre-Pennsylvanian, 
poss ib ly  pre-St. Louis, based on petrography of paleokarst ic  f e a t u r e s  and 
d i s t r i b u t i o n  of  cemen t  z o n e s .  The younger  two zones  are  p r o b a b l y  
Pennsylvanian i n  age. The cement s t r a t i g r a p h y  has given the  foundation for 
a d e t a i l e d  p a r a g e n e t i c  sequence  that  includes dolomites, cherts, compacb 
t i o n ,  and Miss i ss ippi  Valley Type minera l iza t ion .  

P e t r o g r a p h i c  work has also def ined three r e g i o n a l l y  ex tens ive  dolomite 
genera t ions ,  which based on geometric r e l a t i o n s h i p s  wi th  the calcite cement 
zones  can be dated. Dolomite I prePdates a l l  except the oldest  cement and 
therefore is c l e a r l y  pre-Pennsylvanian. Dolomite I1 pre-dates the youngest 
two P e n n s y l v a n i a n  c a l c i t e  c e m e n t s  a n d  t h e r e f o r e  is p r o b a b l y  p re -  
Pennsylvanian. Dolomite I11 also pre&dates the youngest c a l c i t e  cements ,  
bu t  could be Pennsylvanian. 

Poros i ty  is l a r g e l y  res t r ic ted  t o  dolomites ,  w i t h  i n t e r c r y s t a l l i n e  
p o r e s  b e i n g  t h e  most important. Porosities range up t o  40%, and are corn+ 
monly p a r t l y  plugged by la te  stage cements ,  cher t ,  and m i c r o c r y s t a l l i n e  
non-carbonate phase. 
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Dolomites I and I1 are the most important and are geochemically 
distinct. Dolomite I contains less Fe, Mn, and Mg than dolomite 11, and 
dolomite I11 is the most enriched in Fe and Mn. These data indicate that 
dolomitization was a protracted process in which less stoichiometric 
dolomite was replaced on a regional scale by more stoichiometric and more 
Fe and Mn rich dolomites. 

Dolomite I has Sr isotope ratios near estimated Mississippian seawater 
values, 0 isotopic compositions near expected seawater dolomite values but 
depleted C isotopic compositions. By comparison, dolomite I1 has 
radiogenic Sr and markedly depleted 0 isotopic compositions. 

Rare earth element (REE) profiles for all the dolomites are similar as 
are Nd isotopic compositions. These are similar to those of coeval shaly 
units with the important difference that the dolomites have a distinct 
negative Ce anomaly, which is interpreted as an original seawater 
signature. 

We interpret these data to indicate that dolomitizing fluids sig- 
nificantly altered the Sr, C, and 0 isotopic compositions and Fe, Mn, and 
Sr abundances of precursor carbonates, whereas the REE patterns and Nd 
isotopic compositions are inherited from Mississippian seawater. The REE 
are reset only in carbonate gangue minerals associated with minor 
Mississippi Valley Type deposits which indicates that the REE.are affected 
in the carbonates only when the extent of water to rock interaction is 
large. 

Due to the relatively high Rb/Sr ratios in dolomites I and 11, which 
are a result of minor, but significant, amounts of clay (mainly 
glauconite), it is necessary to correct for the in situ growth of 
radtogenic Sr. This correction is possible, because the glauconite c-an be 
shown to be authigenic or, when diagenetic, coeval with the dolomites which 
formed during the Mississippian. 

- --e- 

We have good estimates, based on compositions of pristine brachiopods, 
of the C, 0, and Sr isotopic composition of Mississippian seawater. These 
are probably better than any previous estimates. 

Stable isotope, Fe and Mn compositions of dolomite I and I1 show 
regional variations which we are using to interpret regional flow direcc' 
tions of dolomitizing fluids. 

Crinoids show linear covariance of C and 0 isotopes within a single 
measured section, and show a regional variation in C isotopes, which most 
likely reflects the chemistry of the early diagenetic fluids. 

The occurrence of radiogenic Sr in brachiopods and crinoids which have 
marine C and 0 isotope values suggest the possibility that an early 
diagenetic fluid was a brine with relatively radiogenic Sr. 

Preliminary quantitative geochemical modeling suggests that dolomite I 
may have resulted from a range of mixtures of seawater and fresh water, and 
dolomite I1 may have resulted from interactions between brines and dolomite 
I. 



i r  

Taken together the petrography, distribution and geochemistry of 
diagenetic phases suggests a regional model involving southward flowing 
fresh waters forming early calcite cements and interacting with seawater to 
from dolomite I, and involving generally northward and upward flowing 
brines forming dolomite I1 and probably dolomite 111. 

Our future research will comprise use of the Burlington'Keokuk Fms. as 
a proving ground for developing other new geochemical approaches. One of 
our long term goals has been to apply approaches developed in the 
BurlingtonrKeokuk study to dolomites in other tectonohsedimentary settings 
and in strata of more direct economic interest. We are doing this through 
our recently initiated studies in Devonian carbonates in Alberta and in the 
Canning Basin region of Western Australia. 
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Grantee : UNIVERSITY OF NORTH CAROLINA 
Department of Geology 
Chapel Hill, North Carolina 27514 

Grant: DE~FC05*85ER13414 

Title: Activity+Composition Relationships in Silicate 
Melts 

Person in Charge: A. 

Scope of Work 

The purpose of this investigation,is to gain insight into the relation- 
ship between the composition of a magma and its thermochemical properties. 
These studies are useful for understanding the energy balance in a cooling 
magma body and for using samples of crystallized magma to infer the 
pressure’temperature conditions of crystallization. 

Current Activities (A. F. Glazner, W. Ussler 111) 

A. OneGAtmosphere Experimental Studies of Magmas 

We recently completed construction of a one-atmosphere, gas-mixing 
furnace laboratory which will be used for studies of crystal-melt 
relationships in mafic and intermediate magmas. The first set of 
experiments is a study of phase relationships along a basalt-rhyolite 
mixing line. Initial .results indicate that the liquidus of magmas 
produced by magma mixing is significantly higher in temperature than 
the liquidus of a magma of comparable silica content produced by crys- 
tal fractionation. In addition, magnesian olivine is the liquidus 
phase in mixed magmas up to high-silica andesite composition. These 
relationships mimic relati hips seen in tural magmas of mixed 
parentage. 

Future experiments will be used td improve the calibration of olivine- 
melt and plagioclase-melt geothermometers. Existing experimental data 
on the compositions of coexisting crystal-melt pairs is confined to 
natural compositions. Our experiments will explore comositions outside 
the natural trend by doping natural compositions with single oxides or 
oxide mixtures. These experiments will allow the effect of a given 
melt component (e.g., K,O) on a given mineral component (e.g., 
forsterite) to be isolated. 

E. Depth of Magma Chambers 

The one-atmosphere 01 ivine-melt and plagioclase-melt geothermometers 
can be combined with high-pressure experimental data to produce an 
olivine-plagioclase-melt thermobarometer. We have applied a prelimi- 
nary calibration of this method to Quaternary basalts from Pisgah and 
Amboy Craters in the Mojave Desert. These results indicate 
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t h a t  o l i v i n e  and p lag ioc lase  phenocrysts i n  the basalts grew i n  upper- 
mantle magma chambers , a t  30-35 km dep th .  Oneiatmosphere m e l t i n g  
experiments on one of the basalts y i e l d  a c r y s t a l l i z a t i o n  sequence tha t  
is s i g n i f i c a n t l y  d i f f e r e n t  from the  sequence  o b s e r v e d  i n  t h e  rocks.  
The d i f f e r e n c e  i n  c r y s t a l l i z a t i o n  sequence  is  c o n s i s t e n t  w i t h  the 
h y p o t h e s i s  t h a t  t h e  phenoc rys t  assemblage grew a t  h igh  p r e s s u r e .  
Neither of t h e  vo lcano ies  is associated wi th  r h y o l i t e .  These r e s u l t s  
i n d i c a t e  t ha t  some basalt volcanoes are n o t  associated w i t h  r h y o l i t e  
because  t h e y  do n o t  e s t a b l i s h  magma chambers i n  the c r u s t .  We have 
co l l ec t ed  s e v e r a l  basalt samples from bimodal basalt-rhyolite fields i n  
C a l i f o r n i a  i n  order  t o  see i f  these basalts predict c r u s t a l  depths for 
olivine-plagioclase'melt equ i l ib ra t ion .  

C. Enthalpy-Compositions Relat ionships  i n  Magmas 

The c o o l i n g  h i s t o r y  of a magma body depends  upon t h e  r e l a t i o n s h i p  
between e n t h a l p y  (H) , temperature (T) , and composition ( X I .  Although 
t empera tu re  is r o u t i n e l y  c o n t r o l l e d  as an independen t  v a r i a b l e  i n  
e x p e r i m e n t a l  p e t r o l o g y ,  i n  na tu re  temperature is a dependent va r i ab le  
whose value depends upon t h e  t o t a l  e n t h a l p y  of t h e  sys tem.  We hve 
developed  a computer program which a l l o w s  t h e  e n t h a l p y  of a magma, 
r e l a t i v e  t o  an e q u i v a l e n t  c r y s t a l l i n e  assemblage a t  298OK, t o  be 
c a l c u l a t e d .  C a l c u l a t i o n  of HAT-X diagrams for s i m p l e  binary phase 
diagrams (e.g., f o r s t e r i t e ' q u a r t z )  i n d i c a t e s  t h a t  i n f e r e n c e s  abou t  
c o o l i n g  h i s t o r y  d e r i v e d  from s tandard  T-X diagrams may be g r e a t l y  i n  
error. For example, these diagrams i n d i c a t e  t h a t  a model magma body 
tha t  cools  by loss of heat a t  a constant  rate w i l l  spend a large amount 
of time at  inva r i an t  po in ts ,  where the temperature is constant .  

Magma mixing can be considered t o  be a constant-enthalpy process ,  as a 
first approximation. C o n s t r u c t i o n  of H"T-X d i ag rams  f o r  t he  magma- 
m i x i n g  e x p e r i m e n t s  descr ibed above w i l l  allow e s t i m a t i o n  of t he  
temperature and phase assemblage p resen t  i n  a mixed magma, g i v e n  t h e  
temperatures and compositions of the  magmas being mixed. 
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Grantee : 

Grant: 

Title: 

UNIVERSITY OF OKLAHOMA 
School of Geology and Geophysics 
Norman, Oklahoma 7301 9 

DE-FG05-85ER 11 341 2 

A Study of the Source Material, Mechanisms 
of Generation, and Migration of Oils in the 
Anadarko Basin, Oklahoma 

Person in Charge: R. P. Philip 

Scope of Work 

The major objectives of this research are designed to study the origin 
and migration pathways of oils in the Anadarko Basin, Oklahoma. Despite 
the large quantities of oil and gas produced from this basin a great deal 
of uncertainty remains concerning the source(s) of the major oil 
accumulations. The organic geochemical approach being used in the study 
makes extensive use of the biomarker concepts for unravelling source 
relationships and migration pathways. Migration mechanisms of crude oils 
is an area that is not well understood at this time. If relationships can 
be established between specific families of oils and their suspected source 
rocks in this basin, it will provide an opportunity to study both the 
mechanisms of primary and secondary migration and the effects of migration 
on crude oil composition. 

In the first year of this study a great deal of time has been spent in 
the collection of crude oils and suitable source rock samples from 
throughout the basin. Oil samples from different producing horizons have 
been' collected an a number of these samples from specific locations have 
been fractionated and analysed b y  gas chromatography-mass spectrometry 
(GC/MS). The source rock samples that have been obtained are also being 
prepared for analysis. 

The major emphasis of this study is evaluating, on a basinkwide scale, 
the origin and migration of the.Anadarko Basin oils. In addition, two more 
localized geochemical studies have also been initiated within this basin. 
The first involves a study of a number of oil Seeps, occurring in the 
Ordovician Oil Creek Sandstone, that have been biodegraded to differing 
extents. Preliminary analyses of the seep samples show that extent of 
alteration ranges from extreme at the surface to samples at a depth of 240 
ft that show the presence of n6alkanes and hence as such are probably 
unaffected by biodegradation. Aiternat ively, the deeper samples may be 
mixtures of altered and unaltered oils, with the unaltered samples being 
responsible for the addition of the nl-alkanes. The aim of this work is to 
study the sequential effects of biozegradation on the biomarkers typically 
used in oil/source rock correlation studies and to use the results in 
future interpretations of data thought 
biodegradation. 
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The second smaller and more localized s t u d y  involved o i l s  and source 
rocks from the Pauls Valley area of the Anadarko Basin. In  t h i s  region a 
detailed s tudy  of the biomarkers i n  25 o i l s  mainly from t h e  Simpson Group 
and 10 source rock samples has shown that the majority of o i l s  present i n  
the Viola Formation are derived from a s imilar  source of material. The 
second s tep  of t h i s  project w i l l  be to  examine the potential source rocks 
i n  order to  determine the origin of the o i l s  i n  t h i s  region. 



Grantee : UNIVERSITY OF OKLAHOMA 
School of Geology and Geophysics 
Norman, Oklahoma 7301 9 

Grant : DEGFG05-86ER 3470 

Title: Workshop in Continental Scientific Drilling 

Person in Charge: R. P. Philip 

Scope of Work 

A workshop was held at the University of Oklahoma, Norman, in January 
1986, to discuss the role of organic geochemistry in the Continental 
Scientific Drilling Program. A number of speakers made presentations on 
topics that it was felt could benefit from this program. In particular the 
areas of migration of fluids, origin, and stability of deep gases and 
microbial activity at depth were discussed in detail. In addition to the 
formal presentations, a number of discussion sessions were held. In these, 
topics such as sample collection protocol, possible drilling targets, 
scientific program, and how to continue the effort were all discussed. 

It was felt that ,from an organic geochemical point of view, the drill- 
ing of a series of shallow holes would be more beneficial than one deep 
hole. Such an array would permit a detailed study of migration to be 
undertaken. Migration is an area of geochemical research currently receiv- 
ing a great deal of attention. No particular drilling targets were 
delineated. However, it was felt that it would be most advantageous to 
interact as closely as possible with researchers proposing to drill holes 
in various areas. In this way, if any sedimentary sequences were drilled, 
organic geochemists would be ready to analyze the samples. 

1 

I 
1 

In brief, th successful in arousing the interest of 
organic geochemists in the CSDP. As a result of this workshop, organic 
geochemist representatives have attended a number of subsequent workshops 
to make an input into a number of other drilling programs. A final report 
for the workshop is currently being finalized and should be ready for 
circulation to attende 
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Grantee : THE PENNSYLVANIA STATE UNIVERSITY 
College of Earth and Mineral Sciences 
University Park, Pennsylvania 16802 

Grant: DE-FC02c84ER13268 

Title: The Geochemistry of Coal Origins in Relation to 
Coal Structure 

Person in Charge: P. H. Given, W. Spackman, and P. C. Painter 

Objectives 

The principal objective of the study is to seek an understanding of the 
processes involved in the transformation of 1igno"cellulosic cell walls of 
higher plants into coal-forming entities during the early stages of coal 
formation. It is felt that this is one valid and potentially valuable 
approach to solving the problems of coal structure. 

Scope of Work 

The tactical approach has been to select samples of very immature coals 
that exhibit differing degrees of preservation of woody structure, and 
examine them by optical microscopy, using transmission of light through 
thin sections, with and without polarizing screens, and fluorescence exy 
cited by blue or U.V. light. Specimens characterized in his way were then 
studied by Fourier Transform Infrared spectroscopy, "C NMR and various 
pyrolysis/mass spectrometric techniques. Samples from three different 
sites were available, but most of the work was on a large set of samples 
collected from the Brandon lignite in Vermont; plants whose remains are 
seen in this lignite include many of these now populating parts of the 
Okefenokee Swamp in Georgia and the Everglades of Florida. A number of 
samples of peatified wood were included in the microscopic studies, in 
order to document the earliest changes and provide materials for 
comparison. 

Principal Accomplishments 

It was observed that roughly 10% of the Brandon lignite seam consisted 
of material having the external morphology and texture of blocks of wood of 
varying degrees of preservation. Woody material of this kind has been 
noted in some other lignite seams, and referred to by others as "coalified 
logs". The rest of the seam had evidently been through a process of 
ttgelification", which destroys the macroscopically visible woody structure. 
Microscopic examination of sections showed that the degrees of preservation 
of the walls of vessels relative to tracheid cells varied within a block of 
woody material, but generally these tended to show increasing swelling and 
distortion of cell walls towards the outer margin of the block. FTIR 
spectra of inner zones of several blocks did not differ as much as difr 
ferences in cell wall preservation would suggest. However, the bands were 
relatively sharp and quite closely resembled those of lignin; not much 
evidence of preservation of polysaccharides could be seen. 
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The infrared spectra of the gelified material or "matrix" showed broad 
bands and closely resembled *those previously published for lignites. 
Spectral subtraction routines indicate that the outermost margins of woody 
blocks were mixtures of gelified with lignin~like material. 

13C NMR spectra (CPrMAS) showed maJor differences in chemistry between 
matrix and woody material. The latter evidently is phenolic and retains 
some methoxyl groups; experience of some degree of oxidation was indicated 
by the presence of some C in carbonyl groups. 

It was observed in the pyrolysis studies that there appeared to be a 
correlation betbteen the intensity of cell wall birefringence of peatified 
wood and the abundance of hexosan derivatives from cellulose in 
pyrolysls/CC/MS traces. As one compares the mass spectra in the sequence 
fresh plant, peatified wood, Brandon woody samples, a series of chemical 
changes are evident, including demethylation and demethoxylation. However, 
the altered lignin remains mostly in polymeric form. Pentosans from 
hemicelluloses and perhaps bacterial source3 disappear quite early in the 
sequence, but a little cellulose can persist in coalified logs. 

The phenomenon of gelification in coal formation has been known to coal 
petrographers for at least 25 years. It was thought that this was a 
process that always occurred as a stage in coalification, having the effect 
of converting the morphology and anatomical structure of wood to the rela.- 
tively poorly structured huminitic and vitrinitic macerals. This is no 
doubt still a reasonable view, with the added implication that destruction 
of morphology is accompanied by extensive alteration of the chemical struc- 
ture of lignin and any other remaiqing plant polymers. 

The occasional occurrence of coalified logs in coal seams has also'been 
on rec0r.d for some time. It is now known, from our work and that of 
others, that coalified logs can retain much of the chemistry of lignin 
(and, in some cases, cellulose), as well as retaining the texture and 
external morphology of wood. The distinctive feature of our study is that 
the samples that were studied chemically had first been carefully charac' 
terized botanically. It was in this way possible to show that preservation 
of anatomy and of chemistry go hand in hand; if one occurs, so does the 
other. However, how and why some woody material in a peat swamp or marsh 
can escape gellfication while the rest of the sediment becomes lignite is 
still far from clear. 

It is probably best to regard coalified logs as fossils, well-preserved 
for some adventitious reason, and representing a stage most of the coal 
went through much earlier. This view is supported by the microscopic 
studies referred to, which show that differing degrees of swelling, 
gelification and granularity can be observed in different tissues of the 
same peat sample. Like everything else about coal, Its diagenesis and 
metamorphism are heterogeneous. 
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The evidence certainly favors chemically altered lignin as the 
principal (but by no means the only) precursor of coals. As water is 
squeezed out of the young sediment during induration, and exposure to 
somewhat elevated temperatures is experienced, slow reactions in the solid 
state will further alter the polymeric ligninvelated materials, and in- 
itiate cross-linking into the threerdimensional network macromolecular 
structure characteristic of mature vitrinites. It should be noted that 
polysaccharides readily dehydrate to aromatic (phenolic) structures on low& 
temperature pyrolysis, and so, to the extent that their carbon survives in 
coals, they will no longer be recognizable as such. 

A Final Report is in preparation. 

~- 
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I Grantee : PRINCETON UNIVERSITY 

I 

Department of Geological and Geophysical Sciences 
Princeton, New Jersey 08544 

J 

Grant: DEcFGQ2b85ER13437 I 
I 

Title: Sil icate,  Aluminosilicate and Borosilicate Melts: 
Thermochemical S t u d i e s  by  High Temperature 
Calorimetry 

I 

Person i n  Charge: A. Navrotsky I 
i Scope of Work 

High temperature solut ion calorimetry is used t o  determine heats of 
mixing i n  aluminosilicate and boros i l ica te  glasses  and melts. The sub- 
s t i t u t i o n  of B f o r  A 1  along the jo in  NaAlSi,O, has been studied by 
calorimetry and NMR spectroscopy. The energetics of mixing are complicated 
b y  t h e  presence of some n o n t e t r a h e d r a l  B and A 1  a t  in te rmedia te  
compositions. Heats of mixing i n  (Li,Na)AlSi,O, glasses are being studied 
and correlated wi th  other manifestations of the '!mixed alkal i  effect" such 
a s  e l e c t r i c a l  conductivity. We a re  continuing the modeling of phase 
equ i l ib r i a .  The emphasis is on ascertaining the usefulness of the two' 
l a t t i ce  model for the entropy of mixing and i n  developing more appropriate 
complex structural entropy models. 

Hydrous glasses and melts i n  the system albite-water have been studied 
i n  three ways. Drop calorimetry (hot furnace t o  85OC calorimeter) a t  high 
pressure measured heat contents. Transposed temperature drop calorimetry 
(room temperature t o  hot calorimeter) measured the heat of evolution of 
water from a hydrous glass.  The heat of solut ion of the r e su l t i ng  ani 
hydrous d e c r e p i t a t e d  powder was measured by oxide melt  s o l u t i o n  
calorimetry. The results indicate small exothermic heats of solution of H, 
0 i n  a l b i t e  g lass  and melt. The enthalpies of mixing become more ideal 
w i t h  increasing temperature and sbow 'their l a rges t  magnitude a t  composi- 
tions cor'responding t o  maximum OH 

A Setaram 150OOC calorimeter has been used for transposedttemperature' 
drop (cold t o  hot )  calorimetry. The heat of fusion of diopside has been 
measured directly (by the melting of crystal)  , confirming e a r l i e r  values 
obtained by conventional drop calorimetry (which produces g l a s s )  and heat 
of solution of glass and crystal. The incongruent melting of .diopside was 
observed d i r e c t l y  i n  calorimetry a t  135O-139O0C. The heat capacities of 
the supercooled l i q u i d  ( g l a s s  taken above Tg) and of the stable l i q u i d  a r e  
similar. Work on albi te  and on Ab*An*Di is i n  progress. 

A solution calorimetric s t u d y  of glasses i n  the system An-Di-Fo w i l l  
commence as  soon a s  the calorimeters are operating a t  Princeton. Much of 
l a t e  1985 and early 1986 were taken up w i t h  moving the labs  from Arizona 

concentrations. 

! 

I 
i 

! functional by summer 1986. 
i j S t a t e  University t o  Princeton University. A l l  equipment should be f u l l y  



a .  

1 
i The data and models developed i n  t h i s  work are correlated to  the struck 

ture and p h y s i  c a l  properties  of s i l i c a t e  melts and have potential 
applications i n  such diverse f ie lds  as geochemistry, magma energy gener’: 
ation, ceramic science, nuclear waste disposal, and reactor safety. 
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Grantee: OUTH DAKOTA>SCHOOL OF MINES AND TECHNOLOGY 
Rapid City,,SouthrDakota 57701&3995 

Grant : DEnFGOl -84ERr-13259 

Title: +, Thermally&Induced Chemical Migration: 
f . Natural r,Analog Approach 
r 

Person in Charge: 

Scope of Work 

The major objective of this research is to gain a quantitative under- 
standing of chemical migration in the geologic,environment over a range of 
temperatures and pressures and in diverse geologic media. Contact metamor? 
phic occurrences serve as geologic analogs for the underground storage of 
nuclear waste, with igneous intrusion providing the heat and .trace element 
source, and the country rock the meditJm through whibh migration takes 

he specific sites for this study are .pegmatite/wallrock Interac- 
tion zones in the Black Hills, South Dakota. This .type of. study provides 
information on chemical migration over? geologic times, a time span that 
cannot be duplicated in laboratory experiments or with presently available 

zation of a volatile-rich 
f relatively incorn+ 

ding country 
ry rock can 
ompositional 

characteristics of these aureoles.are dependent upon fluid composition and 
therefore provide an indirect method .for -constraining the chemistry of 
pegmatite fluids. Aureoles adjacent to three Black Hills pegmatites (Etta, 
Peecless, Bob Ingersoll 13) illustrate the relationship between aureole 
characteristics, pegmatite mineralogy and possible fluid composition. The 
aureole associated with the Etta pegmatite (spodumenecbearing, tourmaline@ 
poor). Is enriched: in alkall .elements (Rb, Cs, Li) ,- whereas the aureoles 
associated with the erless and Bob Ingersoll I pegmatites (spodumene 
absent; tourmaline an epidolite or ,lithia mica bearing) are enriched in 
alkali elements, F and B. Fluid compositions approximated from trace 
element modeling and extent of halogen substitution in sheet silicates 
indicate pegmatite-derived solutions have relatively high solute concentrac 
tions (alkali elementsi*> 1000 ppm) and exhibit compos-itional differences 
between pegmatites. The most noticeable differences in fluid compositions 
are ( 1 )  alkali element ratios Rb/Cs and Rb/Li decrease in the order 
Peerless Bob Ingersoll I Etta, F(2) boron content is relatively high in 
the fluid phase derived from the Bob Ingersoll I and Peerless pegmatites, 
and (3) log [f(H20)/f (HF)] of the fluid phase associated with the Bob 
Ingersoll I and Peerless pegmatites may be responsible for the stability of 
lepidolite and lithia mica relative to spodumene in these pegmatites. 



r e  .. 
Grantee : SOUTH DAKOTA SCHOOL OF MINES AND TECHNOLOGY 

Rapid City, South Dakota 57701c3995 

Grant: DE-FGOlL85ERl34O7 

Title: Cores from the Salton Sea Scientific Drilling 
Program: Metamorphic Reaction Progress as a 
Function of Chemical and Thermal Environment 

I 

Person in Charge: J. J.Papike and C. K. Shearer 

Scope of Work 

We are studying the downhole progressive metamorphism at the Salton Sea 
site by means of monitoring and evaluating discontinuous and continuous 
metamorphic reactions with emphasis placed on ( 1  the progress of reac6 
tions, (2) mineralcfluid reactions and interaction of rock with external 
fluid reservoirs, (3) volatile species evolved and consumed during reac- 
tions, (4) changes in style and progress of metamorphism with changes in 
original porosity and fluid flow, (5) evaluation and correlation of mineral 
phases and organic material geothermometry, and (6) alteration and-develop+ 
ment Of oxide mineralogy. 

Variables such as temperature, pressure, fluid composition, and fluid 
flow-porosity can be measured situ. The correlation of mineral as- 
semblages, mineral chemistries, and mineral reactions with these measured 
variables will provide invaluable insight into the dynamics o f  
metamorphism. 

The initial phase of this study is to identify stable mineral ask 
semblages and to document variations in mineral chemistries. Preliminary 
modal analysis and interpretation of textural relationships between mineral 
phases can be performed using standard petrographic techniques. A random 
orientative X-ray diffraction technique will be used to ensure statistical 
relevance of the modes and to determine the modal mineralogy of fine+ 
grained metamorphic rocks. This Xvay technique has been developed into a 
routine and reliable methodology at the South Dakota School of Mines and 
Technology. Mineral chemistries will be determined by electron microprobe. 
Using these data with temperatures measured in situ, isothermal composi- 
tional diagrams can be constructed and the sequence of prograde continuous 
and discontinuous reactions can be identified. 

This work is being done in collaboration with J. C. Laul (Pacific 

-- 

Northwest Laboratories), who is conducting the INAA and RNAA analyses. 

( 

1 
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Grantee r UNIVERSITY OF SOUTHERN CALIFORNIA 
Department of Geological Sciences 

es, California 90089L0741 

Grant : 

Title: Continental Scientific Drilling Program: The 
Seismology of Continental Thermal Regimes 

Person in Charge: K. Aki 

Scope of Work 

This program was started an involvement in major geothermal 
projects3 namely, the Hot Dry Rock Geothermal Energy Development Project of 
the Los Alamos National Laboratory and .the Magma Energy Project of Sandia 
National Laboratories, The theory and methods developed for interpretation 
of various seismic exper ducted at Fenton Hill, New Mexico, and 
Kilauea Iki, Hawaii, h ound a variety of applications to other 
geothermal areas and vol d our research has been evolving into 
what might be called vol 

In this program we a ethods of passive seismology using 
natura$ seismic sources occurring in geothermal areas as well.as active 
seismology using artificial sources to the candidate sites for the CSDP, 
such as Long Valley and Jemez Mountains,, in’order to delineate the 
geometrical and mechanical properties as ,well as the mass and energy 
transport mechanism of the geothermal system. . 

ing the past accomplished t owing work, covering 
experimental a1 aspect8 of the project: completing a 

revlew paper of the origin o f  volcanic tremors; ihitiating study on seismic 
signals attributed tostensile cracks (so call longgperiod events) dis- 
covered at the Los Alamos Hot Dry Rock site; itiating theoretical study 
on elow waves trapped in a+:fluid-filled crack for modeling long-period 
events; initiating a p i l o t  study on borehole seismic experiments at 
Oroville, Calif. and dis ering guided es trapped in a fault zone; 

a simultaneou terpretation borehole seismic data and 
ismic data,fo uantitative racterlzation of subsurface 
rchivlng and processing U.S.G.S. seiqmic data ,from geothermal 

the SLAC computation cerlter and monitoring coda Q for prediction 
of earthquakes and volcanic eruptions; further conf irming and studying 
theoretically the distinct difference in the frequency local regional and 
teleseismic data in the Jemez Mountains by a network of digital event 
recorders, and Katmai Scientific Drilling 
Project . 



Grantee : STANFORD UNIVERSITY 
Stanford,  Ca l i fo rn ia  94305 

, 

Grant : D E - F G O ~ P ~ ~ E R ~  3601 

Title: ’ Porosity with Fluids:  Origin and Effects 
on Phys ica l  Properties of Crus t a l  Rocks 

Person i n  Charge: A. M. Nur 

Scope of Work 

The g e n e r a l  o b j e c t i v e  of t he  pas t  year’s work  was t o  c o n t i n u e  our  
i n v e s t i g a t i o n s  of p h y s i c a l  phenomena i n  cracked and , p o r o u s  rocks w i t h  
f l u i d s ,  and to a p p l y  the r e s u l t s  t o  g e o p h y s i c a l  exp lo ra  
eva lua t ion ,  and the  s tudy  of s h a l l  c r u s t a l  processes. 

Wave p r o p a g a t i o n .  We ex tended  t h e  s t u d y  of v e l o c i t i e s  i n  c l a y  
b e a r i n g  rocks  t o  p o ’ o r l y i c o n s o l i d a t e d  a n d  u n c o n s o l i d a t e d  
s a n d s t o n e s .  We have  obtained velocity and porosity vs.  p ressure  
data for  sand*clay mix tu res  as well as for clean sand  and p u r e  
smectite clay: We have  d i s c o v e r e d ,  I n  s u r p r i s i n g  c o n t r a s t  t o  
consol ida ted  s a n d s t o n e s ,  t h a t  t h e  p r e s e n c e  of c lays  i n  uncone 
s o l i d a t e d  s a n d  c a u s e s  v e l o c i t y  t o  i n c r e a s e .  T h i s  e f fec t  is 
probably due t o  the f i l l i n g  of g r a i n  c o n t a c t s  and t h e  space be- 
tween g r a i n s  w i t h  clays. . We have  s e t  up a ,broadband (5KHz t o  
IMHz) a c o u s t i c  system t o . s t u d y  v e l o c i t i e s  and Q vs. frequency i n  
p o r o u s  rocks. The sys t em has been complekyd, and ‘ r e s u l t s  for 
Berea were o b t a i n e d .  We have  found t h a t  Q v a r i e s  w i t h  fre; 
q u e n c y ,  a n d  t h a t  t h i s . v a r i a t i o n  depends  on s a t u r a t i o n .  The 
r e s u l t s  w i l l  provide for  much bet ter  i n t e r p r e t a t i o n  of seismic 
data for explora t ion  and c r u s t a l  s tud ie s .  

Dielectric properties. We have measured the d i e l e c t r i c  c o n s t a n t  
of rock a s  a f u n c t i o n  of s a t u r a t i o n  and frequency. We have dis@ 
covered that  the dielectric response of porous rocks is con t ro l l ed  
b y  t h e  s u r f a c e  area d e n s i t y  of t he  pore space (pore s u r f a c e  
area/porosity). Furthermore, a large and systematic hysteresis i n  
the dielectric cons tan t  occurs between s a t u r a t i o n  and desa tu ra t ion  
runs.  This  effect i.L which was n o t  known fur  rocks before A is 
most l i k e l y  due t o  the way water i n  p a r t i a l l y  sa tu ra t ed  pore space 
organizes  i tself .  The r e s u l t s  have f a so ina t ing  p o t e n t i a l  applicaL 
t i o n s  for logging i n  gas or steam bearing r e se rvo i r s .  

Network modeling. We have developing a r igo rous  invers ion  method, 
t o  o b t a i n  rock s t a t e  parameters (porosity,  clay content ,  etc.,) 
from physical measurements on rock. The method is based on maxi’ 
mum e n t r o p y  c o n s i d e r a t i o n ,  and has been app l i ed  t o  cracked rock. 
A related model was developed t o  relate the  exponent m i n  Archies 
law t o  the d i s t r i b u t i o n  of po re  shapes wi th in  a given rock. It  
appears t h a t  for a given porosity, m is s t rong ly  
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dependent on the d i s t r i b u t i o n  of’ pore shapes t h u s ’ p r a m l s l p g  t o  
p r o v i d e  c o n s t r a i n t s  on t h e  inv’epsion of electridal resistlgity 
data. FWthermore,’a program has beeh w r i t t e n  and tested, ustng a 
boundary elements algorithm, which enables  us to-  ob ta in  the elas- 
t i c  response of a r b i t r a r i l y  shaped po’res very’ rap td ly .  T h f s  v e r y  
eff l c i e n t  . program has how been p l a c e d ’ m  ‘a 5 1 i 2 ”  floppy d i s k , ,  and 
is r o u t i n e l y  run on a i  fBM PC.or-equivalent .  It. is thus possible, 
fo r  t h e , ’ I i r s t  time; t o  compute elastie response for pore shapes 
which cannot be handled a n a l y t i c a l l y  on the  one hand, or Qor which 
f i n i t e  e l e r n e n t s . o r  f i n i t e .  d i f f e r e n c e  methods: are  much too  
cumbersome. : . ‘ .  

i n t e n s i t y  of -magnet iza t ion  1n.aome rocks is greater when t h e y  w e  
p a r t i a l l y  s a t u r a t e  ’60% 70% water 
s a t u r a t i o n )  than wh T h i s  d i scovery  
has a l r e a d y  l e d  t t e  among s e v e r a l  
p h y s i c i s t s  who ,wo ome c l a i m i n g  t h a t  t h e  

der the  discovery t o  be 

( 4 )  Nuclear  d i e s  fNMR). We have f 



Grantee : , -  STANFORD UNIVERSITY 
Department of Applied Earth Sciences 
Stanford, California 94305 

DE-FG03685ER13319 

Structure and.Emplacement of t 
. Intrusion, Long Valley, California 

2, 

Person in Charge: D. -D. Pollard , 

Scope of Work 

i When a silicic dike intrudes to within a few hundred meter of the 
Earth's surface, several processes become important which may eventually 
control the character o f  the.eruption, These processes include the 
development of fissures and faults at ,.the surface above the dike, growth, 
and disruption of vesicles - (Eichelberger 'et al., in press), mixing of magma 
with groundwater., ,flashing of groundwater ,to steam near the dike, and 
extensive brecciation of the host rock;.. The objective of this proJect is 
.to understand the roles of some of these processes in the emplacement of 
silicic dikes using the Inyo Domes Volcanic Chain near Mammoth Lakes, 
California, as an example. 

Several features at the Inyo Chain make it an unusually good location 
for such a study. At the south end of the chain, a set of prominent 
phreatic craters (the.1nyo Craters),. normal fault scarps, and open fissures 
indicate that the Inyo Domes.dike.came within a few hundred meters of the 
surface. Unlike many other places, these features were not destroyed by 
subsequent eruptive activity. At the north end,of the chain, two core 
holes have been drilled into the feeder conduit beneath one of the domes 
(Obsidian Flow), and into a dike between two of the domes. The core con-; 
tains zones of extensive brecciation of the granitic host rock near both 
the dike and the conduit. Within 430 meters of the dike, fractures of a 
variety of orientations are filled with granitic, and in a few places, 
magmatic debris which was apparently injected during emplacement of the 
dike. 

During the 1985 calendar year, the following studies were conducted: 

( 1 )  A 1:6,000 scale map was prepared of fissures, faults and craters 
in a 1.0 by 1.5 kilometer area around Inyo Craters (Mastin and 
Pollard, 1985b). The pattern of these features indicates that the 
area is underlain by two left stepping, north-northeast trending 
en echelon dike segments. The eastern dike lies beneath Inyo 
Craters. The western one underlies South Deadman Dome. The 
spacing and cumulative opening displacement on fissures and faults 
Immediately south of Inyo Craters suggest that, in this area, the 
dike is no more than a few hundred meters beneath the surface, and 
is at least a few tens of meters wide. This map and our inter- 
pretation of the subsurface structure will be used to locate 
future drilling sites. 
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Deformat ion  a round s e v e r a l  p o s s i b l e  arrangements  of en echelon 
d i k e s  was modelled using two programs: a boundary element program 
f o r  e l a s t i c  stress around cracks under  two*dimensional  p l a n e  
s t r a i n  l o a d i n g  (Mas t in  and Po l l a rd ,  1985a ) ;  and a d i s l o c a t i o n  
program f o r  stress and s t r a i n  around opening mode d i s l o c a t i o n s  i n  
an elastic half space. The r e s u l t s  of these models: ( 1 )  s u p p o r t  
t h e  f i e l d  e v i d e n c e  f o r  two e n  echelon d ikes  i n  the Inyo Craters 
area: (2)  suggest  t h a t  the westernmost d ike  extends farther s o u t h  
n e a r  t h e  s u r f a c e  t h a n  is i n d i c a t e d  by the surface evidence; (3) 
i n d i c a t e  t h a t  the d i k e  beneath Inyo Craters is either v e r t i c a l  or 
d i p s  70 or more degrees to  t h e  east. A manuscript for submission 
t o  the  Journa l  of Geophysical Research, c o v e r i n g  t h i s  mode l l ing  
and the mapping described is i n  preparat ion.  

(3) Prelimi a p h i c  s t u d i e s  were made of d e f o r m a t i o n  and 
f i l l e d  f r a c t u r e s  i n  the  core from the  d i k e  and condui t  holes. The 
wide v a r i e t y  of d f r a c t u r e  o r i e n t a t i o n s  i n d i c a t e s  t h a t  t h e  
f l u i d  p r e s s u r e  he f r a c t u r e s  was g r e a t e r  than the  least cow 
pres s ive  stress magnitude equal  t o  a s i g n i f i c a n t  f r a c t i o n  of 

~ t h e  d i f f e r e n c e  between t h e  greatest and least stresses. It is 
remarkable that  t h e  brecciated host-rock immedfately a round t h e  
d i k e  c o n t a i n s  no  o b v i o u s  magmatic debris  i n  hand sample or t h i n  
sec t ion .  U n l i k e  some mafic i n t r u s i o n s  ( S h e r i d a n  and Wohletz, 
19831, in te rmixing  of fragmented magma and groundwater.apparently 

fe r  from magma t o  

or i n  progress: 

debr i s  around Inyo 
- Craters w i l l  be mapped and examined. The o b j e c t i v e s  w i l l  be, among 

o ther  t h i n g s , .  t o  determine t h e  t y p e  and history of t h e  e r u p t i v e  
. events ,  and e of crater development. 

, (2)  Scann ing  e obe'work, f l  
inclusion analysis, and additional petrographic work will be done 
on t h e  breccia and f r a c t u r e  - f i l l i ngs  i n  t he  core near  %he d i k e  and 

The o b j e c t i v e s  of the  core s t u d i e s  w i l l  be t o  estab- 
l i s h  whether there is any magmatic-debris mixed w i t h  b r e o c i a t e d  
h o s t  rock n e a r  t h e  d i k e  marg ins ,  t o  i d e n t i f y  how t h e  breccia 
formed, and t o  determine the t empera tu re  and phase  r e l a t i o n s h i p s  
(steam versus  water) of breccia-forming f l u i d s  i n  the host rock. 

# .  t h e  c o n d u i t .  

'1 77- 



Grantee: . TEXAS-A&M UNIVERSITY : 
'Department of Geophysics and ' 

Center for Tectonophysics. 
College Station, Texas 77843 

Grant: DE-FG05K86ER13165 

Title: Stress-Induced Seismic Anisotropy 

Person in Charge: R. L. Carlson 

Scope or Work 

t i r  

Particle motions detected on arrays of 3-component digital seismographs 
and on borehole instruments used in vertical seismic profiling (VSP) and 
oblique seismic experiments (OSE) indicate in situ elastic anisotropy. The 
observed anisotropy is thought to arise from alignments of cracks which, in 
turn, are caused by tectonic stresses. Such interpretations are supported 
by theoretical and numerical models and by a few experiments conducted at 
low stress levels, but the phenomenon of stress-induced elastic anisotropy 
in rocks has not been thoroughly investigated. 

-We are undertaking a series of laboratory experiments with the aim of 
ascertaining the effects of deviatoric stress on rocks containing natural 
microcracks. More specifically, our objectives are: (.1) to relate the 
dynamic elastic stiffness tensor to the stress tensor for different stress 
fields; (2) to determine how the elastic stiffness coefficients are af- 
fected by the level of stress; and (3) to replicate field observations in 
the laboratory under known stress conditions. 

The materials used in these experiments will be Westerly Granite and 
Maryland Diabase. Specimens will be machined to form cubes 15 cm on a 
side, and suitably oriented P- and ,+wave ceramic transducers will be 
mounted on the faces, edges, and corners of the cubes. Dynamic elastic 
constants will be calculated from measured P+ and SLwave velocities. 
Stresses up to 40 MPa will be applied using flat jacks. The free faces of 
the cubes will be instrumented with strain gauges to monitor the uniformity 
of the applied stresses. Replication of field experiments will be done 
using transducers mounted on the free faces of the specimens. 
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. TEXAS A & M NNIVERSITY 
~ Center $or Tectonophysics 

on, Texas 77843 

Mec h a n  i c a 1- 
pera tures  and Pressures  I 

Person i n  Charge: , M, Friedman 

Scope of Work 

I n  cont inua t ion  of our s t u d i e s  of borehole s t a b i l i t y  and the  f r a c t u r e  
of rock i n  envi ronments  of hot  f l u i d s ,  d i f f e r e n t i a l  stress and r e l a t i v e l y  
low e f f e c t i v e  pressures, we are inves t iga t ing  the (1 )  t e n s i l e  s t r e n g t h s  of 
S ioux  q u a r t z i t e  and Westerly g r a n i t e ,  (2) f r a c t u r e  surfaces and.microfrac- 
t u r e  types ,  abundances and coalescing tendencies  i n  e x t e n s i o n  e x p e r i m e n t s  
d n  an  e f for t  t o  understand why s t r eng th  decreases with increas ing  tempera- 
t u r e ,  p a r t i c u l a r l y  when the specimen is water-saturated,  and i f  f r a c t u r e ,  
is a thermal ly  a c t i v a t e d  p r o c e s s ,  and ( 3 )  ro l e  of b i o t i t e  crystals  as 
stress concent ra tors  and facil i tators of sli5 leading  t o  t h e  semi-br i t t le  
f a i l u r e  of g r a n i t e .  The n e c e s s i t y  t o  move our experimental  apparatus  i n  
advance of bui ld ing  renovation has de layed  most of o u r  e x p e r i m e n t a t i o n .  
Resul t s  t o  date are as follows: 

1.  

2. 

4. 

Five extension tests of notched  Westerly g r a n i t e  spec imens  were 
performed a t  room t e m p e r a t u r e  and confining pressures  between 30 
and 145 MPa. Tenta t ive  co r rec t ions  t o  t h e  measured d i f f e r e n t i a l  
forces  a t  catastrophic f a i l u r e  g ive  an average t e n s i l e  s t r e n g t h  of 
about 20 MPa and confirm t h e  very important f i n d i n g  t h a t  t he  t e n -  
s i l e  s t r e n g t h  of a rock is independent of the confining pressure  
(Pc)  up t o  t h e  p o i n t  where Pc - C o t  t h e  unconf ined  compress ive  
s t r eng th .  

The u l t ima te  s t r e n g t h s  of Westerly g r a n i t e  p r e v i o u s l y  deformed i n  
e x t e n s i o n  ( and  used  i n  o u r  o b s e r v a t i o n a l  s t u d i e s )  decrease wi th  
increas ing  temperature (T,  2 5 O  t o  8OO0C) ,  and are lower when water- 
s a t u r a t e d  t h a n  when d r y .  Weakening w i t h  temperature (600O t o  
8 O O O C )  is dramatic i n  t h e  wet environment. 

I n  d r y  tests,  in t r ag ranu la r  cracks (IGC) and grain-boundary cracks 
(GBC) increase i n  l i n e a r  and a rea l  d e n s i t y  (abundance)  w i t h  i n c  
c r e a s i n g  T a t  c o n s t a n t  c o n f i n i n g  p r e s s u r e  ( P c ) ;  IGC increase  i n  
abundance w i t h  i n c r e a s i n g  Pc a t  c o n s t a n t  T ;  and IGC t e n d  t o  be 
shorter with increas ing  T. 

I n  w e t  tests, IGC decrease wi th  increas ing  T i  GBC tend t o  be better 
developed  w i t h  i n c r e a s i n g  T (as  pe rhaps  e x p e c t e d  i n  tha t  water 
occurs pr imar i ly  a t  t h e  grain boundaries);  and t h e  I G C  t e n d  t o  be 
shorter with increas ing  T. ~ 
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5 .  The common thread is the  enhancement of grain-boundary cracks w i t h  
increas ing  T. The GBC play a grea te r  role i n  the  crack coalescence 
h is tory  leading  t o  failure as T -increases.  For wet condi t ions ,  the 
GBC are bes t  developed and consequently fewer and shor te r  IGC are 
r e q u i r e d  t o  a c h i e v e  coalescence and failure. For dry  condi t ions,  
the  GBC are only  s l i g h t l y  better developed  w i t h  i n c r e a s i n g  T so 
t h a t  more I G C ,  even though shorter . ,  > are  needed t o  affect macro- 
scopi c failure. 

6. Perhaps the  most s u r p r i s i n g  r e s u l t  of t h i s  s tudy  is the ind ica t ion  
tha t  t h e  length  of IGC decreases with increas ing  T, wet or dry.  
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TEXAS A & M UNIVERSITY - 
. '  Center for,Tectonophysics 

I Grantee : 

. College Sta 
, 

Grant : 

Council . 

M. Friedman 

Scope of Work ,$ . .  

. .  . ,  

In Fall, 1985, the Geosciences Researoh Council was formed to recognize 
and advance research activities within the geosciences and the purview of 
DOE/OBES. A broadly based council of f1fteen.geoscientists from academia, 
goverment laboratories;-and industry agreed to serve. In addition to 

Friedman (Texas ALM University3 geology), the council currently 
consists of Phillip Abelson (generalist), D. J. Baker (President of J O I ,  
oceanography), J, D. Bredehoeft (USGS, Broundwater), W. C. Clement 
(industrial consultant, geophysics), J .  A. Eddy (UCAR, solar and ter- 
restrail atmomospheric science), W. C. Luth (Sandia, geology), T. V. 
McEvilly- (LBL, geophysics), D. L:- Peck (USCS, geology), D. E., Powley (AMOCO 
Research, petroleum geology); R. N. Schock (LLL, geochemistry), Lo= T. 
Silver (Cal. Tech., geochemistry), J. T. Smith (Shell Dev.' Co., petroleum 
geology and geochemistry), s. C. Solomon (MIT, geophysics), and J. T. 
Whetten (LANL, geology). 

I - The individual members of the council are charged to: ' (1) evaluate the 
status, potential value, and relevance of current, geosciences research to 
meet the nation's energy needs; (2) identify energy-related geosciences 
research areas that need to be developed or strengthened; and ( 3 )  
facilitate the above by serving-as a liaison grpup among the geosciences 
community, DOE, and other sponsors of geosciences research, through spon- 

.I 
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* -  UNIVERSITY OF TEXAS ARLINGTON 
.. ’ Department of Geology, Box 19049 

Arlington, Texas 7601 9 

DE-FG05-85ER13413 
. I  

Title: . 1 Volcanological Investigation. of the Banco Bonito 
. Eruption (c,:  100,000 yr) and Subsurface Geology 
of, the Ring..Fracture Zone, Valles Caldera, 
New Mexico 

. ’  

Person in Charge: S. Self 

. .  
This -study involves integrated field and laboratory work on the 

youngest post-Valles caldera eruptive units in the Jemez Mountains. The 
units involved are the Banco Bonito obsidian lava flow, the Battleship Rock 
ignimbrite, and the El Cajete pumisce fall deposits; All were probably 
produced during the same er 

The E1 Cajete putnice fall member was extensively sampled throughout the 
southern Jemez Mountains, thereby documenting its dispersal. Detailed 
stratigraphic sections through the El Cajete were made for correlation 
purposes. Interbedded ash-flow and surge units and their significance in 
the eruptive cycle are being examined. Sieve analyses, petrography of 
pumices, and distribution of the plinian fall units (delineated by median 
diameter, maximum pumice, maximum lithic, and thickness parameters) are 
being synthesizeU to estimate size, aispersal,. eruption column heights and 
paleowind dlrections for this portion of theaeruptive phase. Age dating of 
the El CaJete pumice by uranium series .disequilibrium on 3 to 5 of the 
mineral phases and glass -is being attempted. This is due to failure of 
previous attempts at precise age dating by conventional X/Ar techniques. 
Xenocrystic minerals, are common and contaminate the mineral population, 
giving tob-old,ages. The U-Th method should allow-xenoarystic material to 
be detected.and yield an isochron. .Valuable data pertinent to the crystal- 
lization history of the magma body will also be obtained. 

ive interval, about 100,000 years ago. 

The Battleship Rock ignimbrite is being investigated to determine its 
position in the Banco Bonito eruptive cycle and its original extent. Field 
work included outlining the ignimbrite through field mapping, delineating 
relationships with under- and over-lying units, and recognizing flow units 
within the ignimbrite. Petrographic studies on the pumice may also be used 
to determine its position in the eruptlvescycle, as well as to correlate 
ash-flow units. 

The,youngest eruptive unit, the Banco Bonito obsidian lava flow, was 
mapped, exclusive of .that portion on the Baca Location. Air. photos and 
field characteristics are being.used to decipher the number and extent of 
obsidian. iava flow units. Samples from several of the lava lobes are being 
used to determine any petrographic and compositional variation during this 
last effusive phase of the eruptive cycle. 
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The integration of stratigraphic field relationships and stratigraphy 
from the VC-1 Continental Scientific Drilling Project core will provide a 
basis for an eruptive model and paleotopographic reconstruction. Also, the 
stratigraphy under the southern ring fracture zone of the Valles caldera 
using the VC-1 stratigraphy and the lithic assemblage in the 431 
CajetelBattleship Rock fall units is being Snvestigated. During explosive 
eruptions of this type, rock fragments may be excavated from the conduit 
wall in a progressive manner, and this is represented in the lithic content 
of the fall units. At present, lithics collected in the El Cajete type 
section are being examined for variation through the deposit. Petrologic 
studies on the pumices in the type section to determine magma chamber 
parameters based on mineralogy are just beginning. This youngest /eruptive 
postrcaldera event may be significant in indicating the possibility for 
future eruptions in the Jemez Mountains. 



Grantee: 

Grant: 

Title: 

Person in Charge: 

Scope of Work, 
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UNIVERSITY OF TULSA 
Tulsa, Oklahoma 741 04 

Stability of Natural.Gas in the Deep Subsurface 

C. Barker and N. Takach 

We have continued to investigate the stability of natural gas in the 
deep subsurface using a combined theoretical and experimental approach. 

Gases trapped in fluid inclusions provide uncontaminated samples of 
deep gas. However, minerals may contain secondary as well as primary 
inclusions, and it is necessary to. analyze each fluid inclusion separately. 
We are doing this using a microcomputer-controlled, rapid scanning quad- 
rupole mass spectrometer. Mineral samples are heated in vacuum and as each 
inclusion bursts the released gas is analyzed in 25 msec. and the back? 
ground immediately prior to the burst is subtracted. Up to 225 individual 
inclusions can be analyzed in two hours using about 10 mg of mineral. 
Dynamic range is close to 1 part in 10,000. In the last year background 
values have been reduced by installing turbomolecular pumps, and sen- 
sitivity has been increased by replacing both the electron multiplier and 
ion source of the mass spectrometer. 

The analytical method is applicable to almost all minerals including 
those that are opaque, and we have successfully analyzed inclusions in 
calcite, dolomite, quartz, plagioclase, galena, olivine, and salt, among 
others. In particular, we have analyzed calcite cements from the deep 
Smackover carbonate section Louisiana (20,000 ft) and found a wide variety 
of methane/water/hydrogen sulfide ratios depending on sulfur content of the 
system. Metamorphic quartz samples from the Kodiak melange, Alaska (from 
50,000 ft based on inclusion geobarometry) were dominated by methane in 
many cases though methanelwater ratios were variable. There was little 
carbon dioxide and no sulfur species. Continuing the sequence of increas- 
ing depth by analyzing Hawaiian olivines and Pacific MORB plagioclases we 
found carbon dioxide dominated systems with 1 %  water in the former and 6% 
In the latter. The MORB's also showed the presence of carbon monoxide. 

The analytical studies have been supported by thermodynamic calcula- 
tions of gas composition in deep reservoirs (5  40,000 ft 1. We have used 
the computer program developed over the past few years that finds the 
minimum free energy in multi-component (up to 701, multi-phase (up to 30) 
systems for various reservoir mineralogies. Calculations have been made 
for carbonate and sandstone reservoirs using low, average and high geother- 
mal gradients; hydrostatic and lithostatic pressures; and with and without 
graphite. In general, the measured gas compositions are within the range 
of those calculated by the computer program. 
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Grantee : UNIVERSITY OF UTAH RESEARCH INSTITUTE 
Earth Science Laboratory 
Salt Lake City, Utah 84108 

Grant: DE*FG0246ER13555 

Title: Caldera Processes: Hydrothermal Dynamics and 
Ore Deposition in the Sulphur Springs Vapor 
Dominated Zone, Valles Caldera, New Mexico 
(VC%!a). 

Person in Charge: D. L. Nielson 

will be the ientific Drilling Program 
corehole to be drilled in the Valles Caldera. The scientific aspects of 
this project are being jointly managed by University of Utah Research 
Institute and Los Alamos Scientific Laboratory. Scientists wills be on-site 
at all times during the drilling. They will be responsible for preliminary 
descriptions of core and cuttings, record keeping, marking and boxing of 
core according to curatorial protocol, and cooperative work with inves- 

tors with regards to sp 

Following completion of scientific studies will be 
performed on the core. These studies+will include hydrothermal alteration 
mineralogy, correlation of stratigraphy with that present in nearby holes 
and in the Redondo Creek area, and an evaluation of the structural setting 

r iments 

the corehole. 
, ,  

A data release meeting will be convened within two months of the 
of VC-2a. This meeting will be a forum for discussion of 

epared and presented at a briefing to OBES. 
In addition,* resul ts  of the projeat will be presented at the fall meeting 
of the American Geophysical Union. 

results and transfer of information among collaborating scientists. 
* .  
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Grantee : UNIVERSITY OF UTAH RESEARCH INSTITUTE 
Earth Science LaboRatory 
Salt Lake City, Utah 84108 

Grant: DE-FG02'86ER1367 

Title: Logging and Hydrothermal Alteration Studies 
of Hole VC-1, 'Valles Caldera, New Mexico 

Person in Charge: and J.  B. Hulen 

Scope of Work 

VC-1, the first Continental Scientific Drilling Program Corehole in the 
Valles-Toledo caldera complex, penetrates the Jemez fault zone, a major 

i regional structure, near its intersection with the Valles caldera's south- 
western ring fracture. In part, because of this favorable structural 
setting, the rocks penetrated by the corehole have been repeated-and exten& 
sively brecciated, hydrothermally altered,' and mineralized. We have begun 
to characterize this alteration and mineralization as it relates to 
development of the caldera com ociated hydrothermal systems. 

Paleozoic sedimentary rocks and the Precambrian basement in VC-1 have 
been tectonically and hydrothermally brecciated in multiple episodes. 
Secondary porosity and permeability created during brecciation have focused 
hydrothermal fluid flow, leading to intense alteration and mineralization. 
Hydrothermal pyrite, sericite, quartz and chlorite are widespread in the 
breccias; chalcopyrite, sphalerite, galena, magnetite, hematite, barite, 
and dolomite occur locally. Molybdenite and phengite are confined to an 8 
m interval of strongly quartz-sericitized and quartz-veined hydrothermal 
breccia. Mineralogic evidence suggests that this phyllic alteration took 
place at higher temperatures (probably greater than 25OOC) than those 
currently prevailing at these depths in VC-1 (about 16OoC). The relation- 
ship of hydrothermal breccias and alteration in pre4enozoic rocks of 
corehole VC-1 to formation of the Valles&Toledo caldera complex and asp 
sociated geothermal systems remains to be determined. Detailed study of 
alteration mineralogy and texture as well as ageLdating of hydrothermal 
sericites and phengites should allow us to clarify this relationship. 

Initial results of our VC-1 research were presented at a special ses- 
Publication will sion of the American Geophysical Union 1985 Fall Meeting. 

follow completion of more detailed characterization in progress. 
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Grantee : 

Grant: 

Title: 

UNIVERSITY OF WASHINGTON 
. . I ' 7  - t +  Geophysics Program AK-50 

Seattle, Washington 98195 

DEPFG06-86cER13472 

I > '  d ThreeiDimensional 
Magnetotelluric Inversion 

* ?  

I 

Person i n  Charge: J. R. Booker 

I I 
intecpret  magnetotelluricd(MT) data when t h e  

the earth vary la teral ly  as well as vertically. 
s ign i f icant ly  effected 'by l a t e r a l  s t ruc ture ,  

understanding the multi+dimensional inverse problem is c r i t i ca l  t o  l e  
use.oi: MT, i n  exploring for thermal and hydrocarbon' energy resourc u r  
approach uses the fact  that the Frechet derivatiire of-MT data wi th  respect 
t o  ver t ical  conductivity s t ruc tu re  is closely re la ted  the one- and 
higher dimensional cases.  I I n  f a c t ,  $-they a r e  the Same xcept that the 
electr ic  f ie ld  that must be used i n  oalculating the Frechet der ivat ive is 
the t r u e  ' e l ec t r i c  f ie ld  e k i s t i n g  i n  the laterally varying structure. This 
fact  'suggests an efficient i t e r a t ive  inverse scheme.' * f A t  each s t ep ,  the 
data  a t  each s i t e  are'inverted as though they were ~ne~dimensional, except 
that the Frechet derivatives use the electriQlfield-.from a forward calcula- 
t i on  u s i n g  a la tera- l ly  varying model basetl on a l l  the one-dimensional 
inverses a t  the previous step. This process'should converge t o  a depth and 
1ater .a l ly  varying model which fits the data. Understanding t h i s  conver' 
gence and subsequent appraisal of the model are our major tasks. 

We have developed' a Ver 'table bnerdimenslonal inversion which 
produces model's which have leas oss ib le  s t ruc tu re  T h i s  is important 
because unnecessary"structure 'which ha ia teral  gradient from s i t e  t o  
s i t e  can produce large '3ariationb ' in  e l e  c f i e l d  which can swamp the 
s t r u c t u r e  we a re  looking for .  I n  the process of doing t h i s ,  we have 
demonstrated the need spread the data initsfsit uniformly across t h e  fre- 
quency spectrum ( i . e  a "whi-te" f i t )  as werlras to  mlnimize'the overall 
m i s f i t .  Overfitting one spectral band for a given level of overall m i s f i t  
always r e s u l t s - i n  unnecessary s t ruc tu re  i h  some depth range. We have 
developed a s t a t i s t i ca l  test for whiteness of f i t ,  and have developed 8 
method t o  = adjust the norm used t o  define the mode with least '  structure so 
as t o  achieve a white f i t .  A corol lary t o  these e s u l t s  is the need t o  
'accurately characterlze the errors'irl any data se t  o be 'inverted. We have 
also shown that the reciprocal of the MT data usually inverted leads t o  an 
almost l i nea r  inverse problem for conductivity. By t h i s  we m'ean that the 
results are linearly close t o  the t r u t h  looked a t  through a known window. 
This  w i l l  become extremely important i n  the appraisal part of the project. 

The next step towards inverting two- and threeddimensional data is t o  
produce a program for calculating the subsurface electr ic  f ie ld  for a model 
specified only along a series of vertical l ines beneath measurement s i tes .  



Grantee: UNIVERSITY OF WISCONSIN 
Department of Geology and Geophysics 
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Thermal Stress. Microfractur ing of Grani te  

I 

Scope of Work 

The pr imary  accomplishment  of the cu r ren t  grant year was 'to complete 
d i f f e r e n t i a l  s t r a i n  measurements and crack p e t r o g r a o h y  measurements  on a 
s u i t e  of Westerly g r a n i t e  samples heated t o  temperatures between 20 and 
3OOOC. I n  add i t ion ,  DSA der ived crack spectra were obtained for heated and 
unhea ted  samples of Climax q u a r t z  monzoni te  and Stripa g ran i t e .  These 
spectra suggest  t h a t  newly created thermal cracks have ;Lower aspect r a t l o s  
than those i n  the  o r i g i n a l  cra 

The crack petrography meas rmallycinduced 
cracks are  g ra in  boundary cracks. We have Pound t t o  count t he  
g ra in  boundary cracks by type.  The crack index is defined t o  be the  number 
of open g r a i n  b o u n d a r i e s  of a g i v e n  t y p e  divided by the total  number of 
such g r a i n  boundaries. The crack - index  for  d i f f e r e n t  g r a i n  b o u n d a r i e s  
i nd ica t e s  t ha t  quartz-quartz g r a i n s  crack e a r l y ,  quartz-feldspar  p a i r s  also 
crack early but are not a l l  completely cracked by 3 O O 0 C ,  and  fe ldsparb 
fe ldspar  cracks j u s t  b e g i n  t o  be s i g n i f i c a n t  a t  temperatures between 200 
and 3OOOC. These r e s u l t s  are i n  agreement w i t h  a spherical inc lus ion  crack 
model. 

We have also completed research on the  crack porosity and crack petrog- 
raphy of g r a n i t e s  from I l l i n o i s  borehole UPH-3. O u r  detailed understanding 
of the pre-exis t ing open and healed cracks i n  these g r a n i t e s  w i l l  make them 
a good choice for f u t u r e  temperature cyc l ing  experiments. 

The major experimental  ob jec t ive  for the  coming year w i l l  be t o  o b t a i n  
s i g n i f i c a n t l y  more D S A  and crack count data a t  in te rmedia te  temperatures 
between 20 and 30OOC. The e x i s t i n g  DSA r e s u l t s  i n d i c a t e  d i f f e rences  i n  the  
amount of newly g e n e r a t e d  crack porosity for the  d i f f e r e n t  g r a n i t e s  over 
the maximum range of temperature. We c u r r e n t l y  hypothesize ahat the  number 
of cracks along a scan l i n e  are d i s t r i b u t e d  i n  a Poisson fashion.  We w i l l  
make many more crack counts  t o  test t h i s  idea. The primary s y n t h e s i s  w i l l  
be t o  o b t a i n  a q u a n t i t a t i v e  comparison between o u r  previously proposed 
crack model with these data. 

/ 
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models for 
the south moat, region of the Long Yalley oaldera BS part of" the Department 
of Ener-gy's effort on the,, txhermal regimes portion of. the Continental 
Scientific DrillLng Program. Iq preliminary calculations, surface deforma- 
tion associated ,laith~ a nflated p.agma chamber is. modeled by an elastic 
half-space containin n inclined. elalpsoid hich -undergoes a uniform 
dilatation. The analytical solution has been developed in terms of ellip- 
tical *integrations. inverse problem has been carried out using the 
linearization method plied to the LQng *Valley .uplift data for the 

fit .given by our triaxiaZ .ellipsoid model 
the center of %hexmagma chamber under the 
km; (2) the. injected magma volume into the 

chamber is about 0.18 cub$c &llometers;l,and ( 3 )  the cha has a major 
elongation .along the approx4mately.vertical direction. hough the ab- 
solute values t?f the ellipsoldal axes eeannot be 1 resoLved uely by the 
uplift data, seismlc~refraction and. attenuation studies Indicate that the 
top of the magma chamber is unlikely to be shallower than 3 km; hence, the 
maximum vertical axis of the triaxial ellipsoid in the model cannot be 
greater than 7-km and a maximum VQ 
00 cubic kilometers, 
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Scope of Work 

The o b j e c t i v e  of t h i s  program i s - t o  deyelop a better understanding of 
the processes of hydrocarbon generat ion and' migration i n  coastal  and o f f 7  
shore sed imen ta ry  b a s i n s  as an a id  i n  p r e d i % t i n g  favorable  explora t ion  
areas for petroleum. Research bas concentrated on the l i g h t  hydrocarbons  
(C14,15) because  these are t h e  compounds wh'ich migrate most e a s i l y  by 
d i f fus ion ,  so lu t ion  i n  pore waters, or i n  o i l ' and  gas p h a s e s ,  Methods of 
p y r o l y s i s - g a s  chromatography. (GC) and. pyrolysis-(% mass spectrometry have 
also been developed  and u t i l i z e d .  i n -  examlnlng h i g h  m o l e c u l a r  w e i g h t  
s e d i m e n t a r y  o r g a n i c  matter , kerogen,. the' precursor t o  petroleum. Recent 
efforts have expanded o w  ana ly t i cdT ' capab i l i t i e s  t o  the C15+ compounds. 

Detailed a n a l y s e s .  have' been- a o i p l e t e d  on s e v e n  Alaskan North Slope 
wells. Pyro lys is  pa rame te r s  Tmax- ( t h e  peak  t e m p e r a t u r e  o f .  p y r o l y z a b l e  
o r g a n i c  matter) and 'the productjon index , ( P S I ;  , t b e , r a t i o  of generated t o  
t o t a l  petroleum generat ing p o t e n t i a i )  were" p lo t t ed  a g a i n s t  each o ther  for 
v a r i o u s  m a t u r i t y  r anges  and were found- t o  ,d i s t i ngu i sh  s e c t i o n s  inf luenced 
by maturat ional  as cont ras ted  wi th  migr'ational' e f fec ts .  By t h i s  method, 
t h e  Ikpikpuk and Sealiee wells were fo'und t o  be 'opt imal  for examination of 
thermal maturat ional  as c o n t r a s t e d  w i t h  m i g r a t i o n a l  geochemica l  characr 
t e r i s t ics ,  respec t ive ly .  Changes ofamaturity.  ( V i t r i n i t e  Reflectance)  with 
depth for the two wells were i d e n t i c a l  -so tha?:a  number of p y r o l y s i s  and 
sorbed l i g h t  hydrooarbon t r ends 'p rev ious ly  plioposed t o  be d i agnos t i c  of the 
two processes could be.eompared. . 

.. 

.. 

. .  
* .  ,. 

Deep overmat  u r e  format i o n s  ( V i  t r  in1  t e  'Ref lec tance  , Ro, greater than 
about 2.5%) from a number of wells were fwnd'"to give methane as t h e  o n l y  
sorbed l i g h t  hydrocarbon gas .  Py ro lys f s . . o f  these same s e c t i o n s  a l so  
produced methane as the  only l i g h t  hydrooaPbon. ~ Concentrations of methane 
decreased t o  background l eve l s -  (about 30 ppm) a t  the highest  ma tu r i t i e s  -(Ro - 4 ~ 5 % ) .  The r a t i o  of pyrolysable Cl / (C l+C2+C3)  gave an exce l l en t  correlar 
t i o n  with Ro i n  two wells;. one. iTi Alaska.'and* one i n .  the Texas Gulf coast, 
suggest ing tha t  t h i s  ra t io  skiould- be tes ted further as an  e x p e r i m e n t a l l y  

The Alaskan North Slope-Work c a r r i e d  o G t  t h i s  year promises t o  produce 
closer co l labora t ion  between- our: labora tory  ,and the .U; - S. Geological Survey 
so that  t h e  ex tens ive  USGS North Slope shmple and compute r i zed  da ta  base 
c a n  be  f u l l y  u t i l i z e d  i n  a d d r e s s i n g  fundamenta l  o r g a n i c  geochemical 

, , b  simpler  maturation ind ica tor .  1. a -  *. . 

questions.  * .  . .. 
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ScQpe of Work 

Opening Mode Crack Growth i n  Rock 
t i  

‘ T h i s  research is a s tudy  fracture characteristics of 
rock are determined by microstructure .  The data are intended t o  be used i n  
the i n t e r p r e t a t i o n  of f r a c t u r e s  i n  rock i n  t h e  f i e l d ,  p a r t i c u l a r l y  where 
t h e  p a s s a g e  of f l b i d s  through - t h e  rock .is of i n t e r e s t .  Measurements of 
fracture energ ies  were made earlier i n  the project on a s e t  of d i f f e r e n t ,  ~ 

t y p e s  of rocks h a v i n g  a wide range of f r a c t u r e  characteristics; the focus 
of the research is now t o  show how t h e  f r a c t u r e  ene rgy  and t h e  d i s t a n c e  
t h a t  a crack must advance  before a t t a i n i n g  steady state propagation are 
determined by the  micros t ruc ture  of the rock. Polished specimens are s p l i t  
w h i l e  on t h e  s t a g e  of an optical  microscope and the progress of the crack 
is followed as success ive ly  greater loads are applied. The passage of t h e  
c r a c k ’ t h r o u g h  t h e  d i f f e r e n t  m i c r o s t r u c t u r  n s t i t u e n t s  is observed. 
Detection of cracks with the  opt ical  m i  s e n s i t i v e  t o  t h e  surface 

, prepara t ion  of the sample, the magnific used, and the force appl ied  a t  
t h e  time of o b s e r v a t i  b u t  geometrical character is t ics  of t he  c r a c k  
p a t t e r n  can  be determ pendent of sub jec t ive  judgments by 
t h e  observers .  

Marble, g r a n i t e s ,  diabase, and basalt are now being examined t o  deter- 
mine the mean crack dens i ty  ( the ra t io  of t o t a l  crack length  t o  t h e  l e n g t h  
of t h e  r u p t u r e  p a t h ) ,  mean b r a n c h i n g  frequency, process  zone width ,  the 
f r a c t i o n  of the f r a c t u r e  p a t t e r n  developed on p r e e x i s t i n g  cracks, and t h e  
ra t io  of i n t e rg ranu la r  t o  t ransgranular  cracking. Detailed s tudy  of marble 
shows that opening of p r e e x i s t i n g ,  noncohe ren t  g r a i n  b o u n d a r i e s  is t h e  
p r i n c i p a l  s t r u c t u r a l  change i n  the process  zone. I n  the early stages of 
rup tu re  about 45% of the  t o t a l  fracture is on newly-created surface and 55% 
is on noncoheren t  g r a i n  boundar ies ;  the lat ter decreases t o  about 332 as 
t h e  process  zone becomes f u l l y  deve loped .  E v e n t u a l l y  a r u p t u r e  p a t h  is 
selected from the  network of cracks i n  t h e  process  zone and f i n a l  separar 
t i o n  is accomplished as  i n t e r l o c k i n g  faces l o n g  t h e  r u p t u r e  p a t h  a re  
freed. the  crack dens i ty  increases  
t o  about f i v e  and the mean d i s t ance  between branch p o i n t s  i n  t h e  f r a c t u r e  
p a t t e r n  decreases t o  about two g ra in  diameters. These s t r u c t u r a l  changes 
expla in  t he  o b s e r v e d  i n c r e a s e  i n  f r a c t u r e  ene rgy  d u r i n g  crack growth. 
Markedly d i f f e r e n t  behav io r  is found i n  t h e  other t y p e s  of rock being 
s tudied.  

During the growth of the‘ process zone 
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